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I 

T r a n s l a t i o n  of.."Die Bestimmung d e r  Muskel le i s tung  beim 
K r a f t f l u g  der  Vogel a u s  kinematischen und morphologischen 
Date; (Untersuchungen z u r  Flugbiophysik und Flugphys io logie  

I der Vogel III)." Zoologische jahrbucher .  Abte i lung  f u r  
a l lgemeine  zoo log ie  und phys io log ie  d e r  t i e r e ,  Vol. 79, 
No- 3 ,  1975, PP 425-4580 

An airscrew-type c a l c u l a t i o n  i s  employed t o  de te rmine  t h e  
power output  o f  b i r d s '  p e c t o r a l  muscles i n  l e v e l  f l i g h t ,  
without  r e c o u r s e  t o  aerodynamic f o r c e  c o e f f i c i e n t .  Down- : s t r o k e  power is d e r i v e d  from r e q u i r e d  l i f t ,  p o i n t  o f  

, a p p l i c a t i o n  of  t a n g e n t i a l  f o r c e  a long  wing, and a n g u l a r  
v e l o c i t y .  Kinematic data ( d u r a t i o n  of downstroke, d u r a t i o n  

j a c c e l e r a t e d  r o t a t i o n  a t  s ta r t  of  downstroke, and d u r a t i o n  
' o f  t o t a l  c y c l e ,  f l i g h t  speed,  s t r o k e  a n g l e ,  s t r o k e  a n g l e  

b i s e c t o r )  are ob ta ined  from f i l m s .  Sample f l i g h t s  of  pigeon 
and doves a re  analyzed,  and compared w i t h  metabol ic-  
p h y s i o l o g i c a l  r e s u l t s ,  conf i rming  t h e  u s a b i l i t y  of  t h i s  
method. I n  both  s p e c i e s ,  t h e  power ou tpu t  p e r  u n i t  weight 
of  t h e  p e c t o r a l  muscles (0.26-0.66 HP/kg) under prolonged 
load  i s  1 0  t o  20 times t h a t  o f  mammalian muscles,  excep t ,  
probably,  f o r  t h e  f l i g h t  muscles of u c f t s .  
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CALCULATION OF MUSCULAR POWER I N  FLAPPING FLIGHT OF BIRDS 
FROM K I N E M A T I C  AND MORPHOLOGICAL DATA 

H. Oehme and U. K i t z l e r  
Vertebrate Research Center  of East German 

Academy of  Sc iences  ( i n  B e r l i n  Zoo) 

I n t r o d u c t i o n  

/426@ The muscular  power gene ra t ed  by a b i r d  d u r i n g  f l a p p i n g  
f l i g h t  i s  a problem which has been d i s c u s s e d  many times. I f ,  
l i k e  Brown (1961 a ,  b ) ,  one s t a r t s  from t h e  p o s i t i o n  tha t  
t h e  power ou tpu t  of f l i g h t  muscles ,  i n  p a r t i c u l a r  tha t  of  t he  
musculus p e c t o r a l i s ,  is  no l a r g e r  t h a n  t h a t  of  mammalian muscles ,  
f u r t h e r  a n a l y s i s  o f  f l i g h t  compels one t o  assume t h a t  t h e  f l y i n g  
b i r d  has  v i r t u a l l y  idea3 aerodynamic p r o p e r t i e s .  Th i s  i s  because 
expe r imen ta l ly  determined cont inuous  and peak powers of 
mammalian muscles (see Henderson and Haggard 1925; Dickinson 
1928; Brody 1945) are no t  large enough t o  supply  t h e  energy 
r e q u i r e d  d u r i n g  a wing s t r o k e ,  even assuming t h e  most f a v o r a b l e  
p o s s i b l e  flow-mechanical c o n d i t i o n s .  Power o u t p u t s  p e r  u n i t  
weight of f l i g h t  muscula ture  i n  t he  range  0.6-3.8 HP/kg are known 
from v a r i o u s  i n s e c t  speeies ( N a c h t i g a l l  1968) ,  and even 
c a l c u l a t i o n s  of t he  "motor powert1 o f  a f l a p p i n g  b i r d  employing 
cer ta in  aerodynamic assumptions (Oehme 1963, 1965; Pennycuick 
1968 b; Oehme 1968 a ,  1970 b) y i e l d e d  s p e c i f i c  muscular  powers 
which f a r  exceeded the llmammalian norm" (0.03-0.05 HP/kg). 
It i s  t r u e  tha t  there were large i n d i v i d u a l  v a r i a t i o n s  i n  these 
r e s u l t s .  Neve r the l e s s ,  metabol ic  s t u d i e s  on f l y i n g  b i r d s  
(Pearson 1950, 1953; Lasiewski  1963; Pearson 1964; LeFebvre 
1964; Tucker 1968 a and b y  1969) es tabl ished,  desp i t e  some 

@Numbersin t h e  margin i n d i c a t e  p a g i n a t i o n  i n  t he  f o r e i g n  t e x t .  
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c o n f l i c t i n g  r e s u l t s ,  t h a t  the power o u t p u t  of  the  a v i a n  p e c t o r a l i s  
must be s u b s t a h t i a l l y  higher t h a n  tha t  of mammalian muscles.  So 
far, such  f i n d i n g s  have been ob ta ined  w i t h  ve ry  few s p e c i e s  
(hummLigbird, p igean ,  parrakeet, sea g u l l ) .  I f  t h e  "motor power" 
o f  b i r d s  i n  free f l i g h t  can be determined by o t h e r  methods, t h i s  
w i l l  be a n  impor tan t  advance and may make it  p o s s i b l e  t o  make 
comparisons r e l a t i v e l y  soon between v a r i o u s  s p e c i e s .  

Complete computation o f  a v i a n  f l i g h t  on aerodynamic p r i n c i p l e s  
r e q u i r e s  a large number o f  parameters which can only  be estimated 
o r  must s imply be  assumed, s i n c e  t h e y  are d i f f e r e n t  i f  no t  imFoss ib le  
t o  de te rmine  i n  a f l y i n g  b i r d .  I n  t h e  s e q u e l ,  we w i l l  p r e s e n t  
a p o s s i b l e  method f o r  c a l c u a l t i n g  f l i g h t  power which r e q u i r e s  
r e l a t i v e l y  few and r e l a t i v e l y  r e a d i l y  measurable  k inemat ic  
and morphological  parameters. We w i l l  show how many o f  t h e  
i n i t i a l  v a l u e s  necessa ry  i n  a s t r i c t  aerodynamic t r e a t m e n t  can 
be e l imina ted .  The procedure i s  l i m i t e d  t o  u n a c c e l e r a t e d  
h o r i z o n t a l  f l i g h t .  Special  forms o f  f l a p p i n g  f l i g h t  such  as 
hover ing ,  a c c e l e r a t i o n ,  and b rak ing  are no t  i nc luded .  Neve r the l e s s ,  
t h e  prolonged e f f o r t  of h o r i z o n t a l  and accelerated f l i g h t  seems 
q u i t e  s u i t a b l e  f o r  c h a r a c t e r l z i n g t h e  energy consumed by the  
l o c a l  motor a p p a r a t u s  o f  a f l y i n g  animal.  

&J 

The procedure w i l l  be developed and d i s c u s s e d  i n  t he  f i rs t  
p a r t  of t he  work, and the r e s u l t s  o b t a i n e d  by app ly ing  it t o  
two s p e c i e s  w i l l  be p r e s e n t e d  i n  the second par t .  

Part I : C a l c u l a t i o n  Procedure 
L i s t  of Symbols 

Symbol Meaning 
R Length o f  extended wing from shou lde r  j o i n t  

r Dis tance  a long  R of t h e  wing elemer,t from axis  
t o  wing t i p  = r a d i u s  of s c r e w c i r c l e o f  p r o p e l l e r  

o f  r o t a t i o n  

2 



Symbo 1 
r K 

r / R  
1 
1/R 
cp 

t 

tab 
t b  
tges 
'ab' 'auf 

H@ = U@ cos$ 
M 
P 

'ab 
- 

3 P@ = Cm/A 

'a 

8 P = Cwp'Ca 

P 

WP 
C 

cS 

cU 

Meaning 
Dis tance  o f  body contour  o f  b i r d  [from a x i s  o f  
r o t a t  i o n ]  
D i s t ance  o f  p o i n t  of a p p l i c a t i o n  o f  t o t a l  
c i r c u m f e r e n t i a l  f o r c e ,  e f f e c t i v e  r a d i u s  
Radio c o o r d i n a t e  
Chord dep th  o f  wing element = chord dep th  a t  r 
R e l a t i v e  chord depth 

Angle of advance o f  wing  element 
cp = a r c t a n  v (1 + a)/[w r ( l  - b ) ]  

Wing a n g l e ,  a n g l e  between R and h o r i z o n t a l  
Wing a n g l e  a t  conc lus ion  o f  a n g u l a r  a c c e l e r a t i o n  
of downstroke 
Upper and lower l i m i t s  of  s t r o k e  a n g l e  
Angle o f  asymmetry of  s t r o k e  a n g l e  

Time 
Dura t ion  o f  downstroke 
Dura t ion  o f  a c c e l e r a t e d  downstroke 
Dura t ion  of s t r o k e  c y c l e  
Average l i f t  d u r i n g  downstroke and u p s t r o k e  
r e s p e c t i v e l y  
R e l a t i v e  s t r o k e  
Torque 
Power 
Average power o f  p a i r  of wings d u r i n g  downstroke 
R e l a t i v e  power 
Dens i ty  of a i r  
L i f t  o r  normal f o r c e  c o e f f i c i e n t  
P r o f i l e  d rag  c o e f f i c i e n t  
P r o f i l e  d rag- l i fe  r a t i o  
Thrus t  c o e f f i c i e n t  o f  wing element 
C i r c u m f e r e n t i a l  f o r c e  c o e f f i o l e n t  of  wing element 

3 



Synlbo 1 Meaning 
Thrust coefficient of air screw or of wing pair 
Circumferential force coefficient of air screw 
or wing pair 
Torque coefficent of air screw or wing pair 

Percentage of circumference covered by wing element 

Smallest advance coefficient attained during 

Average advance coefficient during downstroke 
Conversion factor for mean downstroke into mean 
circumferential force during downstroke 
Relative duration, normalized by duration of 
downstroke 

cS 

CU 

‘m 
m Number of air screw blades - /428 
u = ml/(2Tr) 
X = v/(oR) Coefficent of advance 

inin 
(wmaxR) x 
k = a/Rab 

‘I = t/tab 

n = tab/tb - 1 Time factor of duration of acceleration during 

v Flight velocity 
W Effective relative air speed of a wing element 
W Angular velocity 

= downstroke 

downstroke 

Largest angular velocfty from initial acceleration 
of rotary motion of downstroke to end of downstroke 

max W 

- 
w Mean angular velocity of downstroke 

a = wmax/tb 
a Coefficient for induced axial velocity 

Angular acceleration of downstroke 

b 
0 

Coefficient for induced tangential velocity 
Total weight 
Weight of the two pectoral muscles Gpect 

A Lift or normal force 
W 
S 

Drag 
Thrust 

U circumferential or tangential force 
Tangential force at urnax ‘ma, 

4 



Symbol Me an i n g  
0 Average t a n g e n t i a l  f o r c e  of downstroke 

R e l a t i v e  t a n g e n t i a l  f o r c e  
H V e r t i c a l ,  upward-directed f o r c e  component 

2 U" = CU/h 

Forces  During S t r o k e  Cycle 

If  we assume t h a t  f l i g h t ,  ana lyzed  on t h e  basis o f  t h e  

p r i n c i p l e s  p re sen ted  by Oehme and K i t z l e r  (19741, i s  determined 
by  average  v a l u e s  of t he  k inemat ic  parameters  of  t h e  wing 
s t r o k e s ,  and i f  i t  i s  a l s o  assumed t h a t  t h e  aerodynamic f o r c e s  
gene ra t ed  d u r i n g  t h i s  f l i g h t  a re  t h e  same i n  each s t r o k e  c y c l e ,  
the  e q u i l i b r i u m  c o n d i t i o n  can be formula te2  as fo l lows :  over  a 
complete s t r o k e  c y c l e ,  t h e  sum of t h e  a c c e l e r a t i o n s  due t o  a l l  
v e r t i c a l  and h o r i z o n t a l  f o r c e s  i s  equa l  t o  zero.  If  we can 
exc lude  a l l  f o r c e s  from our  power c a l c u l a t i o n  except  t h e  v e r t i c a l  
f o r c e s  l i f t  and weight ,  t h e  t h r u s t - d r a g  problem can t h e n  be  
ignored.  It w i l l  now be demonstrated how t h e  "motor power" 
of  t h e  b i r d  can e v e n t u a l l y  be d e r i v e d  from t h e  v e r t i c a l  f o r c e s  
l i f t  and weight .  

L i f t ,  which compensates +'or weight ,  i s  not  c o n s t a n t  ove r  
a s t r o k e  c y c l e ,  and i n s t e a d  t h e r e  i s  p e r i o d i c  Gpward and 
downward a c c e l e r a t i o n .  Never the less ,  t h e  t r a j e c t o r y  o f  t h e  c e n t e r  
of g r a v i t y  of t h e  body of t he  b i r d  d e v i a t e s  s o  l i t t l e  from a 
s t r a i g h t  l i n e  t h a t  t h e  aerodynamic f o r c e s  gene ra t ed  by  t h e  
v e r t i c a l  t r a n s l a t i o n s  can  be  n e g l e c t e d ,  and t h e s e  mlncr motions 
t r e a t e d  as v e r t i c a l  1~ ching and  f r e e  f a l l .  

Suppose we are  giver.  l i f t  du r ing  downstroke and ups t roke  /429  
as a f u n c t i o n  of  t ime [ H ( t ) ] .  Then (F ig .  1): 

bb 1 l I ( t ) t l t  -t- 7 l f ( t ) t l t  - i -  Gtn,., - 0 
t-0 ' " h b  

5 



L i f t  ha s  a p o s i t i v e  s i g n , a n d  weight a n e g a t i v e  s i g n .  The v a r i a b l e  
€i is  r e p l a c e d  by a c o n s t a n t  ave rage  downstroke l i f t  Rab and a : 

c o n s t a n t  ave rage  ups t roke  l i f t  gaur: 

'Jsing t h e  r e l a t i v e  downstroke time tab/t = y and t h e  
r a t i o  Hauf /nab  =: x commonly o b t a i n e d  f o r  t h e  average  downstroke 
lift Ha, = IGl/<x f y - yx). The v a l u e  o f  x is between z e r o  
and one, and the  fo l lowing  three  p o s s i b i l i t i e s  w i l l  be used:  

- ge s 

We wish  t o  o b t a i n  the power of t h e  descending  wing fraom t h e  
ave rage  downstroke l i f t .  For  t h i s  purpose ,  t h e  p r o c e s s e s  I n  t h e  

wing i t s e l f  must be examined more c l o s e l y .  

S t e a d y - s t a t e  R o t a t i n g  P r o p e l l e r  as  Model f o r  Downstroke 

S i n c e  t h e  extended wing sweeps o u t  a c i r c u l a r  s e c t o r  
d u r i n g  the  downstroke, a l o g i c a l  approach is t o  u t i l i z e  t h e  
f o r c e  and power L . l c u l a t i o n  f o r  an  a i r  screw. There a r e ,  /4 30 
however, d i f f e r e n c e s  between a p r o p e l l e r  and a p a i r  of  f l a p p i n g  
wings,  and t h e  e f f e c t s  o f  these  d i f f e r e n c e s  must b e  kept  I n  mind 

6 



Fig. 1 
a func 
of  t o t  

,. Schematic of v e r t i c a l  forces  d u r i n g  s t r o k e  c y c l e  as 
t i o n  o f  time: 
a1 wing s t r o k e  (see t e x t ) .  

t ab  = d u r a t i o n  of downstroke, tges  = d u r a t i o n  

when the  procedure is a p p l i e d  t o  t h e  a v i a n  wing. Two assumptions 
for the  a i r  screw c a l c u l a t i o n  dese rve  p a r t i c u l a r  rz t ten t ion :  
t h e  envisaged procedure d e s c r i b e s  a p r o p e l l e r  moving w i t h  

c o n s t a n t  r a t e  of r e v o l u t i o n  and c o n s t a n t  f l i g h t  speed. The 

t h e  same p o s i t i o n s  r e l a t i v e  t o  one a n o t h e r .  
b lades  of t h e p r o p e l l e r r o t a t e  i n  t h e  same d i r e c t i o n  and ma in ta in  

The downstroke motion s t a r t s  and ends i n  each  s t r o k e  c y c l e .  
Moreover, t h e  wing does no t  r o t a t e  w i t h  cons t an t  a n g u l a r  v e l o c i t y  
d u r i n g  the  e n t i r e  downstroke (Oehme and K i t z l e r  1974). I n  our  
thought  expe r i rnen t ,wewi l l  n e g l e c t  t h e  a c c e l e r a t i o n  phase of  
t h e  downstroke motion and assume a c o n s t s n t  angu la r  v e l o c i t y  
f o r  the  e n t i r e  downstroke, If t h e  t a n g e n t i a l  v e l o c i t y  OR i s  
l a r g e  i n  comparison w i t h  t h e  f l i g h t  v e l o c i t y  v ,  as I n  t h e  c a s e  
of t h e  a i r p l a n e  p r o p e l l e r ,  t h i s  means l a r g e  sudden changes i n  
r e l a t i v e  a i r  s?eed for t h e  wing, and endur ing  e f f e c t s  on flow. 
A l l  f i n d i n g s  t o  da te  on h o r i z o n t a l  f l i g h t ,  however, i r .d fca te  

7 



t h a t  t h e  v e l o c i t y  r a t i o  X = v/(wR) is no less  t h a n  one,  and 
l a r g e r  i n  a o s t  ca ses .  For X = 1, t h e  e f f e c t i v e  r e l a t i v e  a i r  
speed a t  t h e  wing t i p  would be about  1.4v, and would o the rwise  
d i f f e r  even less from the  f l i g h t  v e l o c i t y .  

I n  t h e  l as t  p a r t  of the  ups t roke ,  t h e  wing is fo lded  i n t o  
t h e  a i r  stream (see Oehme 1969b) ,  s o  t h a t  b e f o r e  r o t a r y  motion 
commences, t h e  a i r  approaches t h e  wing w i t h  a l o c a l  v e l o c i t y  
equa l  t o  t h e  f l i g h t  speed,  which is assumed t o  b e  c o n s t a n t ,  
and r e s u l t s  i n  normal c i r c u l a t i o n  around t h e  wing. The r o t a r y  
motion o f  t h e  downstroke commences w i t 1  a n  a c c e l e r a t i o n  phase. 
Because of  t he  s l i g h t  i n c r e a s e  i n  r e l a t i v e  a i r  speed,  which is 
not  ab rup t  as opposed t o  t he  above assumption, w e  can suppose 
t h a t  t h e  aerodynamic f o r c e s  gene ra t ed  on an  a r b i t r a r y  wing 
s e c t i o n  are determined a t  any time durfng  t h e  downstroke by 
t h e  parameters  v a l i d  f o r  t h e  steady-state c a s e  ( a n g l e  of 
a t t a c k ,  p r o f i l e  p o l a r  curve,  e f f e c t i v e  r e l a t i v e  a i r  speed) .  
A t  t h e  t r a n s i t i o n  t o  t h e  ups t roke ,  c i r c u l a t i o n  does n o t  cease  
suddenly,  bu t  is i n s t e a d  modif ied b y  changes i n  p in ion  
p o s i t i o n  followed by l i f t i n g  and, t o  some e x t e n t ,  f o l d i n g  of 
t h e  i n n e r  wing, C i r c u l a t i o n  r e v e r s a l s ,  as observed f o r  
hummingbirds o r  i n s e c t s  hover ing  wi th  l a r g e  wing t o r s i o n ,  
do not  occur .  The reduced f r e q u e n c i e s  (Oehme and K i t z l e r  1975)  
c a l c u l a t e d  for var ious  s p e c i e s  l i k e w i s e  l e a d  t o  t h e  same 
r e s u l t :  under t h e  c o n d i t i o n s  o f  normal, unacce le ra t ed  
h o r i z o n t a l  f l i g h t ,  unsteady e f f e c t s  can be ignored i n  t h e  t r e a t -  
t r ea tmen t  o f  wing c i r c u l a t i o n .  

G l a u e r t ' s  (1935)  P r i n c i p l e  of Airscrew C a l c u l a t i o n  and i t s  
Modif ica t ion  

With v e l o c i t y  w ,  a i r  approaches sn a r b i t r a r y  b l ade  element 
( =  wing e lement )  of  t h c  p r o p e l l e r  a t  - h e  a n g l e  of  advance Q 

( F i g .  2 ) .  CP and w a re  determined by  tire two v e l o c i t i e s  v and 

a 



w r ,  a l lowing  f o r  t h e  induced v e l o c i t i e s  i n  t h e  ax ia l  ( a )  and 
t a n g e n t i a l  (b) d i r e c t i o n s .  A normal f o r c e ,  o r  ( fo l lowing  t h e  
t e c h n i c a l  convent ion)  l i f t  A i s  produced a t  r i g h t  a n g l e s  t o  
w, and a d rag  W is  produced p a r a l l e l  t o  w. The r e s u l t a n t  
aerodynamic f o r c e s  are  decomposed i n t o  a component i n  t h e  f l i g h t  
d i r e c t i o n  ( t h r u s t  S )  and a component a t  r i g h t  a n g l e s  t o  i t  
( t a n g e n t i a l  f o r c e  U ) .  
c ( f o r  t a n g e n t i a l  f o r c e )  a re  obta ined  from CP and the p r o f i l e  
p o l a r c u r v e s  ( c o e f f i c i e n t s  cq and c 

The c o e f f i c i e n t s  cs ( f o r  t h r u s t ) '  and 

U 
1: WP 

e. = ea cos 9 - cl,, sin Q = C. (cos Q - e,, sin e), 
e. = cs sin Q T cwp cos 9 = ca (sin Q 2 cp cos 9). 

The " f u l l n e s s "  of t h e  b lade  element i s  (5 = m l /(BI ') .  For  
rn = 2 ,  we o b t a i n  u = ( l / R ) / ( W I 3 h l  by i n t r o d u c i n g  t h e  d imens ionless  
q u a n t i t i e s  1 / R  and r / R .  The c o e f f i c i e n t s  f o r  t h e  a d d i t i o n a l  
v e l o c i t i e s  a r e  found from 

b/(1- b) = ucuF/(4 sin 9 cos 9). 
a/(l 4- a) = uc. F/(1 sin* Q) 

-f w i t h  F = (2 / l r )  a r c c o s  e and f = [ m ( l  - r / R ) l / ! 2 ( r / R )  s i n  @)I. 
F makes approximate al lowance f o r  t h e  number of  a i r s c r e w  b l a d e s .  

The degree  of  advance i s  

d = (r/R) tnncP(1 - -  b)/(l + a). 

The t h r u s t  and to rque  components a r e  

'The t h r u s t  c o e f f i c e n t  should  r o t  be confused w i t h  t h e  Chrust  
loading c o e f f i c i e n t ,  l i k e w i s e  I n d i c a t e d  by c s ,  common i n  German- 
language l i t e r a t u r e .  

9 



R(dG/dr) = o(r/Rp(l - b)pe,,(l/cm*(P) 

a(dC,/dr) = o(r/Ry(l- b)p e.(l/cos* cb) 
= a(r/R) '1 +- a)'P Q (l/oia* 

= a(t/R)r(l 1- a)*Pc,,(l/sin*cb). 

Fig .  2. Components o f  
ve loc i5y  3.nd f o r c e  f o r  
wing element ( exp lana t ion  
i n  t e x t ) .  

t h e  t h r u s t  c o e f f l c i e n t  Cs and 

Given the  geometry of  t h e  
a i r s c r e w  (chord dep th  d i s t r i b u t i o n ,  
p i t c h ,  p r o f i l e ) ,  we can  c a l c u l a t e  
t h e  t h r u s t  and t o r q u e  e lements  
f o r  v a r i o u s  a n g l e s  ch and f o r  
s e l e c t e d  b lade  e lements .  6 and 
t h e  p i t c h  o f  the  blade element 
de te rmine  t h e  a n g l e  of  a t t a c k  
and thus t h e  c o e f f i c i e n t s  ca and 
c f i x e d  i n  t he  p r o f i l e  p o l a r  
curvLs. With c s  and cu we can 
o b t a i n  a and b and t h e n  t h e  
v e l o c i t y  r a t i o  X a s s o c i a t e d  w i t h  
CP. For each  o f  these blade 
e lements ,  t h e  components o f  
t h r u s t  and t o r q u e  are p l o t t e d  
a g a i n s t  X and determined f o r  
p a r t i c u l a r  v a l u e s  of X .  These 
y i e l d  t h e  d i s t r i b u t i o n s  of t h r u s t  
and t o r q u e  components vs.  t s /R  

f o r  a g iven  v e l o c i t y  r a t i o .  
I n t e g r a t i n g  these curves  y i e l d s  

W? 

t h e  to rque  c o e f f i c i e n t  of  the 
11 

p r o p e l l e r  f o r  these v e l o c i t y  r a t i o s ,  
customary I n  German-language l i t e r a t u r e ,  we have t h e  r e l a t i o n s h i p s  
Cs = 0.5  ks, Cm = 0.5 k d *  

(For  t h e  q u a n t i t i e s  

ks i s  c a l l e d  t h e  t h r u s t  parameter ,  
and kd 
of t h e  

10 

the  to rque  o r  power parameter.) The t h r u s t  and to rque  
p r o p e l l e r  are S 9 C S n p w 2 R 4 ,  and M = cm spw2R5;  t h e  power 



i s  P = Mo = C,=pu 3 5  R . Also, ca and c can be g iven  f o r  the P 
i n d i v i d u a l  r a d i o  coord ina te s ,  assuming that the  p r o p e l l e r  blade 

has the  correspondtng geometr tc  p r o p e r t i e s .  By analogy wi th  the 
t h r u s t  c o e f f i c i e n t ,  w e  can in t roduce  the t a n g e n t i a l  f o r c e  
c o e f f i c i e n t  C,. 

Power is  obta ined  from torque  and angu la r  v e l o c i t y .  Torque 
can a l s o  be formulated w i t h  t he  a id  of  t a n g e n t i a l  f o r c e  and i ts  
p o i n t  of a p p l i c a t i o n  on t h e  a i r s c r e w  r a d i u s  ( 5  wing l e n g t h )  
R, the  so -ca l l ed  e f f e c t i v e  r a d i u s .  If the e f f e c t i v e  r a d i u s  
is  F ~ ,  i t s r a d i a l c o o r d i n a t e  I s  z = r#t. The power f o r  one of 
t h e  two p r o p e l l e r  blades is  0.5 P = 0.5 U RZW, and t h u s  P = U Rzw 
f o r  t h e  aipscrew. 

/432 

The t a n g e n t i a l  f o r c e  element I s  t h e n  
R ( d C u / d r )  = u ( r / R )  3 (1 - b) 2 ca ( l / cos2@)  = u ( r l R ) ( l  + a )  2 2  X c u ( i / s l n  2 e ) .  

Since  U = Cu+pw2R4 and P = Cmnpw3R5, w e  have 
2 = cm/cu. 

This procedure does t he  Job f o r  t y p i c a l  a i r p l a n e  p r o p e l l e r s .  
For  t he  la t ter ,  t h e  v e l o c i t y  r a t i o  is small, while the  chord 
depth (and t h u s  t h e  p ropor t ion  of the circumference covered by 
the wing e lements )  i s  small ( c f .  Fig.  3 ) .  The s i t u a t i o n  i s  
d i f f e r e n t  f o r  a v i a n  w i n g s :  large v e l o c i t y  r a t i o s  must be 
al lowed f o r ,  and chord depth becomes very  large n e a r  the body. 
It i s  ev iden t  that the  larger the desired v e l o c i t y  r a t i o ,  the  
f u r t h e r  ou t  the wing w i l l  be the p o i n t  a t  which t h e  v e l o c i t y  
r a t i o  which can be achieved wi th  t h e  two parameters a and b 
no longer  r eaches  the  necessary size. For (0 = 900, however, 
t h e  express ion  f o r  X becomes meaningless .  T h i s  "angle  o f  
advance" must, however, be assumed f o r  t h e  c r i t i c a l  case :  
from t h i s  w i n g  element inward, t h e  a i r  w i l l  approach t h e  wing 
e f f e c t i v e l y  only from t h e  f r o n t .  Condi t ions w i l l  t hen  be 
approximately the  same as f o r  t h e  a i r f o i l .  The a d d i t i o n a l  
t a n g e n t i a l  v e l o c i t y  a c t i n g  i n  t h e  p lane  of r o t a t i o n  would now 
have t o  be replaced by t h e  induced v e l o c i t y  of t h e  a i r f o i l .  
The system of equa t ions  f o r  the p r o p e l l e r ,  however, cannot 
represent It.  I n s t e a d  of thrust, t h e r e  w i l l  now be d rag  i n  

/433 
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c 

0 

P i g .  3. Wing o u t l i n e  and d i s t r i b u t i o n  o f  elements of t a n g e n t i a l  
f o r c e ,  to rque ,  and t h r u s t  f o r  a two-bladed a i r sc rew with v e l o c i t y  
r a t i o  X = 0.175. Modified from Glauer t  (1935). 

t h e  oppos i te  d i r e c t i o n .  While the angle @ corresponding t o  t h e  
desired v e l o c i t y  r a t i o  can be determined f o r  wing elements 
l y i n g  f u r t h e r  o u t ,  and t h e  components of t h r u s t ,  t a n g e n t i a l  
f o r c e ,  ana torque  can be determined from it ,  they  must be 
considered given data from t h e  c r i t i c a l  wing element on, using 
CP = 9 0 ° .  - - ca, and 

wp’ cu I n  t h a t  case ,  cs = -c 

e/(l +a) = -0c,,~F/4, 
R(dG/dr) = -u(r/R)(l + a)gA*erp, 
R(dCo/dr) = O(PIR)(l + a)gA*ca, 
B(dCm/dr) = u(r/R)g(I + r)gA*cr. 

12 



Fig. 4 .  D i s t r i b u t i o n  of  e lements  o f  t a n g e n t i a l  f o r c e ,  t o r q u e ,  
and t h r u s t  for  a two-bladed a i r s c r e w  w i t h  v e l o c i t y  r a t i o  
X = 1.5. Chord depth d i s t r i b u t i o n :  
1 / R  = 1 . 6  - ( r / R )  (1 - r / R )  f o r  0.5 c r / R  C 1. C o e f r i c i g n t s :  
d a  = 1.0 ,  cwp = 0.08 f o r  0.05 < r / R  7 1. 
w i t h  supp lemen ta l - ax ia l  and t a n g e n t i a l  v e l o c i t i e s ,  broken 
curves ;  c a l c u l a t i o n  wi thout  a d d i t i o n a l  t a n g e n t l a l  v e l o c i t y  
(b  = 0 ) .  

l/%t = 0.4 f o r  0.05 < r / R  - a 0.5; 

c a l c u l a t l b n  S o l i d  curves :  

With these approximations,  t h e  c h a r a c t e r i s t i c s  o f  "av ian  
wing p rope l l e?s"  can be a s c e r t a i n e d  even a t  large v e l o c i t y  r a t i o s  
(see Pig. 4 ) .  A s i m p l i f i c a t i o n  was sought ,  i n  o r d e r  t o  avo id  
having t o  check a l o n g  the  wing f o r  t he  c r i t i c a l  wing element .  
It was impor tan t  tha t  it was no t  necessa ry  t o  de te rmine  t h e  
t h r u s t .  Through some comparison c a l c u l a t i o n ,  It was established 
tha t  Cm/Cu = z remains t r u e ,  j u s t  as i n  the  c a s e  of t h e  p r o p e l l e r ,  
i f  t h e  tangen9Pal  f a c t o r  b I s  neg lec t ed .  It i s  t r u e  t h a t  
Cm and Cu now have larger a b s o l u t e  v a l u e s ,  bu t  t h i s  s imple r  
way I s  j u s t  as good as long  as t h e  t h r u s t  c o e f f i c i e n t  i s  n o t  
r e q u i r e d  ( c f .  F ig .  4) .  Determining t h e  e f f e c t i v e  r a d i u s  I s  j u s t  
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one problem, however. The second problem i s  t o  d e r i v e  the  1436 
r e l a t i o n s h i p  between downstroke l i f t  and t a n g e n t i a l  f o r c e .  
A s  w i l l  be shown, t h e  c r u c i a l  f a c t o r  i s  no t  t he  a b s o l u t e  
magnitude o f  t a n g e n t i a l  f o r c e ,  bu t  i n s t e a d  t h e  r a t i o  of t he  
t a n g e n t i a l  f o r c e s  for v a r i o u s  v e l o c i t y  r a t i o s .  T h i s  t a n g e n t i a l  
f o r c e  r a t i o  also proved t o  be v i r t u a l l y  i d e n t i c a l  i n  bo th  
methods, so  t h a t  t he  t a n g e n t i a l  f o r c e s  o b t a i n e d  by t h e  s impl i f i ed  
c a l c u l a t i o n  could  be used i n  hand l ing  t h i s  q u e s t i o n .  

Loca t ion  o f  E f f e c t i v e  Radius 

The problem i s  t o  determine z as p r o p e r t i e s  of t h e  wing 
and t h e  v e l o c i t y  r a t i o  are v a r i e d ,  f o r  a two-bladed p r o p e l l e r  
w i t h  chord depth  d i s t r i b u t i o n s  found f o r  a v i a n  wings. The 
v a r i o u s  wings w i l l  be label led by a fou r -pa r t  symbol on t h e  
fo l lowing  p a t t e r n  Aa a 1 (see Table 1 and Fig. 5 ) .  
and R (dCm/dr) were c a l c u l a t e d  f o r  all i n t e g e r  and h a l f - i n t e g e r  
r / R  between r K / R  and 0.95, w i t h  t a n  CP = x / ( r / R ) ,  x E (1, 1.5, 2 ,  
3 ,  5, 7). From t h e  r e s u l t i n g  s i x  pa i r s  of v a l u e s  for v e l o c i t y  
r a t i o  and t a n g e n t i a l  f o r c e  element o r  t o r q u e  e lement ,  R(dC,/dr) 
and R(dCm/dr) of t h e  wing element were c a l c u l a t e d  w i t h  t h e  
a id  of  a q u a d r a t i c  approxi inat ion f u n c t i o n  f o r  a l l  i n t e g e r  
and h a l f - i n t e g e r  X from one through seven. Then the  p r o p e l l e r  /437 
c o e f f i c i e n t s  Cu and Cm were c a l c u l a t e d  f o r  each  of t h e  X 

va lues  l i s t e d .  

R (dCu/dr) 

TABLE I. DESIGNATION OF W I N G  PROPERTIES OF 
TWO-BLADED AIRSCREW 

Symbol Meaning 

B S t r e p t o p e l i a  decaocto  see F ig .  3 
C P i c a  p i c a  and 
D Anas p la tyrhynchos  Oehme and 
E Larus r id lbundus  K i t z l e r  
F S tu rnus  v u l g a r i s  (1975)  

Chord d e p t h  d i s t r i b u t i o n  A T h e o r e t i c a l  d i s t r i b u t i o n  
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Symbol Meaning 
/R = 0.25 For B-F, t h i s  h o l d s  
/R = 0.40 f o r  t h e  t h e o r e t i c a l  
/R = 0.55 wings o f  e q u a l  area ( a )  

',ax 
b l m x  

C lmax 

Maximum r e l a t i v e  chord a 
c€epth, s l e n d e r n e s s  

Body con tour  a! r K / R  = 0.05 
8 r K / R  = 0.10 

= 0.5, cwp = 0.03 f o r  ( r K / R )  < ( r / R )  < 1 
= 0.08 f o r  ( r K / R )  - < ( r / R )  a 1 

'a 
ca = 1.0, c 
ca = 0.65 

= 0.65-- O.S[(r/R) - 0 . 4 ) ]  f o r  0.4 - < ( r / R ) < 1  r .  'a 
c = 0.04 f o r  ( r K / R )  - < ( r / R )  < 1 

Aerodynamic f o r c e  
c o e f f i c i e n t s  on wing 
e lements  

Wp 
f o r  (rK/R) - < ( r / R )  < 0.4 

WP 
~~~~ - 

The r e s u l t  can be summarized as fo l lows  (see F igs .  6 and 7) .  

The cu rves  z (A) of  a l l  wings, excep t  f o r  [D( ) B (  ) ] ,  can 
be made t o  c o i n c i d e  w i t h  t h e  Abal curve  by v e r t i c a l  t r a n s l a t i o n ,  
as long  as d e v i a t i o n s  of up t o  0.5% from t h e  v a l u e s  on t h i s  
r e f e r e n c e  curve  are p e r m i t t e d .  The l o c a t i o n  o f  t h e  e f f e c t i v e  
r a d i u s  a lmost  a lways  e x h i b i t s  t h e  same f u n c t i o n a l  r e l a t i o n s h i p  
t o  t h e  v e l o c i t y  r a t i o ,  excep t  f o r  one a d d i t i v e  parameter .  

The i n f l u e n c e  of aspect r a t i o  can b e  neg lec t ed .  I n  a l l  
c a s e s ,  t h e  d i f f e r e n c e  of  c and a from b i s  a t  most +0.15%. 

The v a r i a t i o n  i n  z w i t h  i n c r e a s i n g  r K / R  can be s a t i s f a c t o r i l y  
approximated by a s imple  r e l a t i o n .  For r /R > 0.05, w e  take 
z = z I n  c a s e  f3, t h e  r e s u l t i n g  va lue  of 
z i s  0,2%-0,4% t o o  large a t  X = 1, and 0.1%-0.2% t o o  l a r g e  
a t  X = 3 .  For  wing E ,  t h e  d i sc repancy  a t  X = 3 is a t  most 
-0.1%. Only f o r  wing D does t h e  d i sc repancy  r e a c h  t h e  1 % - l i m i t  
a t  X = 1, due t o  t he  ab rup t  change in chord dep th  between 
r/R = 0 . 1  and r / R  - 0.05; t h e  approximate v a l u e s  are t o o  small. 

K 
f 0.5rK/R - 0.025. a 

- / 4  38 



I 6 - 1 -  1 2 i 4 5 

I * I 1 a 3 4 S i - A +  

Fig .  6. z(X) f o r  t h e  wing Ab f o r  d i f f e r e n t  bodycontours  (a, B )  
and v a r i o u s  c o e f f i c i e n t  d i s t r i b u t i o n s  (1, 2, 3 ) .  Broken par ts  
o f  cu rve :  z c a l c u l a t e d  for B w i t h  approximate formula (see a l s o  
t e x t ) .  

F ig .  7 .  z ( h )  f o r  wing of t ype  ( ) b a l  for chord d e p t h  
d i s t r i b u t i o n s  A-F. 

I f ,  when t h e  c o e f f i c i e n t s  are s e l e c t e d  f o r  t h e  wing e l emen t s ,  
t h e  p r o f i l e  d rag - l i f t  r a t i o s  e = c 
d i s c r e p a n c i e s  i n  z ( A )  w i l l  be s l i g h t .  Thus,  t h e  z-curve i n  
1 c o l n c i d e s s u f f i c i e n t l y  w i t h  t h a t  of  2.  And the  same r e s u l t  

/ca are c l o s e  enough, t h c  
P WP 
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is  o b t a i n e d  as i n  3, when t h e  c a l c u l a t i o n s  were performed w i t h  

c o n s t a n t  c 0.8 i n  p l a c e  o f  c, = 0.65 f o r  t h e  

i n n e r  wing element.  The c o e f f i c i e n t  d i s t r i b u t i o n  o f  1 and 2 
as compared w i t h  3 causes  a n  i n c r e a s e  i n  z. I n  3 ,  t h e  z-values  
are about  93.43 o f  t h e  v a l u e s  i n  1. The c o e f f i c i e n t s  f o r  a 
f l a p p i n g  wing are no t  known. For s t e a d y  g l i d i n g  f l i g h t ,  a n  
e l l i p t i c a l  l i f t  d i s t r i b u t i o n  i s  no t  u n l i k e l y  (Oehme 1971) .  
While t h e  chord depth  d i s t r i b u t i o n  is  no t  e l l i p t i c a l ,  i t  does 
not  d i f f e r  fundamental ly  from such a d i s t r i b u t i o n ,  s o  t h a t  there 
i s  something t o  be said f o r  the  assumption of c o n s t a n t  ca over  
t he  l e n g t h  of t h e  wing. Whether t h i s  ho lds  f o r  f l a p p i n g  f l i g h t  
as well i s  an  open q u e s t i o n .  The c a s e  d e s c r i b e d  here, w i t h  
ca d e c r e a s i n g  toward t h e  wing t i p ,  i s  even more hypotk : i c a l .  
It was in t roduced  m e r e l y  as a conce ivab le  a l t e r n a t i v e  t o  
c o n s t a n t  ca ,  a l though  it i s  d i f f i c u l t  t o  imagine how such a 
wing cou ld  g e n e r a t e  t h e  necessa ry  t h r u s t  a t  h igh  v e l o c i t y  r a t i o s .  

= 0.05 and ca 
Wp 

The effect  of  a chord depth  d i s t r i b u t i o n  (B-F) d i f f e r i n g  
from t h a t  of t h e  t h e o r e t i c a l  wing ( A )  is n o t  t h e  same I n  a l l  
c a s e s ,  bu t  on the  whole r e l a t i v e l y  s l i g h t  f o r  d i f f e r e n c e s  o f  
t he  magnitude cons ide red  here (F ig .  5 ) .  The largest  d i f f e r e n c e s  
as compared w i t h  A are e x h i b i t e d  by E(= +3%) and F ( =  -3%) .  
For  c e r t a i n  chord dep th  d i s t r i b u t i o n  t y p e s ,  t he  v a l u e s  o f  
z can be adequa te ly  c o r r e c t e d  by u s i n g  t h e  cu rves  I n  Fig. 7 .  

Hence, i n  c a l c u l a t i n g  t h e  e f f e c t i v e  r a d i u s  v a l i d  f o r  a 
p a r t i c u l a r  v e l o c i t y  r a t i o ,  one can start  from t h e  v a l u e s  f o r  
wing Abal as a s t a n d a r d ,  and c o r r e c t  these v a l u e s  i n  accordance  
w i t h  t h e  r e l e v a n t  d i f f e r e n c e s  (chord d e p t h  d i s t r i b u t i o n ,  body 
con tour ,  o the r  o o e f f i c l e n t s )  . 2 

2The s t a n d a r d  v a l u e s  z ( A )  w i l l  be s u p p l i e d  by t h e  a u t h o r s  
on r e q u e s t .  



Convert inn Averam - Downstroke L i f t  t o  T a n n e n t i a l  Force  

I n  a p rev ious  d i s c u s s i o n ,  o n l y  the  p i t c h  o f  t h e  screw 
J e t  was n e g l e c t e d  i n  c a l c u l a t i n g  t he  e f f e c t i v e  r a d i u s .  Otherwise, 
t h e  c a l c u l a t i o n s  were made as f o r  a p r o p e l l e r .  For  the la t tey ,  
which is there j u s t  t o  g e n e r a t e  forward t h r u s t ,  t h e  t a n g e n t i a l  
f o r c e  i s  a necessa ry  e v i l ,  and the  smaller t h e  t a n g e n t i a l  f o r c e  
i n  comparison w i t h  t h e  t h r u s t  gene ra t ed ,  t h e  more economical ly  
t h e  p r o p e l l e r  o p e r a t e s .  The t a n g e n t i a l  f o r c e s  produced on t h e  
blades o f  a n  airscrew c a n c e l  o u t ,  so t h a t  t h e y  do no t  have any 
e f f e c t  on t h e  a i r c r a f t .  

On t h e  o t h e r  hand, i n  t h e  c a s e  of b e a t i n g  wings " r o t a t i n g "  
i n  o p p o s i t e  d i r e c t i o n s ,  t h e  t a n g e n t i a l  f o r c e s  produced upon 
them w i l l  have a v e r t i c a l  f o r c e  component, l i f t ,  which w i l l  
depend on wing p o s i t i o n .  If t h e  t a n g e n t i a l  f o r c e s  on each  o f  
t h e  two wings are t h e  same as on t h e  two p r o p e l l e r  blades 
(g iven  t h e  same wing geometry and i d e n t i c a l  k inemat ic  c o n d i t i o n s ) ,  
t h e  l i f t  generated d u r i n g  t h e  downstroke can  be ob ta ined  from 
the  t a n g e n t i a l  f o r c e  i n  t h e  p r o p e l l e r  model. T h i s  presumes 
t ha t  t h e  c o n s t a n t l y  changing r e l a t i v e  p o s i t i o n  of t h e  wings 
does no t  cause  any i n t e r f e r e n c e .  If t h e  b e a t i n g  a n g l e s  are 
n o t  t o o  large,  t h i s  hypo thes i s  w i l l  b e  v a l i d .  However, i f  
t h e  wings come c l o s e  t o  one a n o t h e r  a t  t he  beginning  and a t  
t he  end of t he  downstroke, c i r c u l a t i o n  around t h e  wing w i l l  be 

modif ied a t  t h o s e  p o i n t s .  Hence, t h e  t a n g e n t i a l  f o r c e s ,  and 
t h u s  t n e  l i f t ,  d e r i v e  from t h e  p r o p e l l e r  model w i l l  no longe r  
a p p l y  e x a c t l y .  Consequently,  i n  t h e  s e q u e l ,  such  r e s u l t s  w i l l  
have only  l i m i t e d  v a l i d i t y  and are u t i l i z e d  p r i m a r i l y  f o r  
comparison, when the  extreme wing angles +o or +u excede + 6 5 O  
or - 6 5 O  r e s p e c t i v e l y .  T h i s  r e s t r i c t i o n  does  not  p l a y  any 
r o l e  i n  real  c a s e s  as w i l l  be seen  l a t e r .  

- 1439 

F i r s t  l e t  u s  c o n s i d e r  t h e  l i f t  y i e l d  f o r  t h e  unacce le ra t ed  
Between times tl = 0 r o t a r y  motion of  t h e  wing assumed so  fa r .  
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and t2  the wing w i l l  t r a v e r s e  the  angle  Q, - 42 with angular  
Veloc i ty  w. Suppose a lSo  that t a n g e n t i a l  f o r c e  does not  change 
du r ing  t h i s  time (Pig.  8 ) .  I n  tha t  case ,  t h e  l i f t  a t  any time 
as H = U cos  $, where (0 is t h e  wing angle  a t  time t (tl  = 0 e t t2) .  
Also, $ = - u t ,  and consequently u t 2  = Ql - Q, (angle  i n  
r a d i a n s ) .  The change i n  momentum generated by t he  v a r i a b l e  
l i f t  i s  

s i n c e  w - (6, - e 2 ) / t 2 *  
hb1 - Q,). 

Fig. 8. P r i n c i p l e  f o r  
c a l c u l a t i n g  l i f t  from 
t a n g e n t i a l  f o r c e  (see t e x t ) .  

The average l i f t  = U ( s i n  $l - s i n  $2)/ 

Ord ina r i ly ,  a t  t h e  beginning 
of t h e  downstroke, t he  wing w i l l  
be acce le ra t ed  uniformly from 
w = 0 t o  w = Wmax dur ing  the  time 
t = 0 t o  t = tb, while t h e  wing 
t r a v e r s e s  t h e  angle  $o - 0,. 
Thereupon it covers  t h e  angle  
Q, - Qu w i t h  cons tan t  angular  
v e l o c i t y  wmax up t o  t h e  time 
tab. The r a t i o  of average /440 
t a n g e n t i a l  f o r c e  t o  avepage 
l i f t  i s  then  

The i n t e g r a l  is evalua ted  as above f o r  t h e  time i n t e r v a l  
tab - tb  and by approximatic I f o r  t h e  in t e rva l .  between 
t - 0 and t = tb. 

21 



Because of the r e l a t i o n  tab - t b  ( n  t 11, wmax t 

($b - $ u ) / ( t a b  - tb! and $b $0 - 0.5 $max t b )  we o b t a i n  
(n t 0.5)J .  Also,  the  c o n s t a n t  a n g u l a r  max tb  ($0 - $u>/cw 

angular v e l o c i t y  i s  wl. Therefore ,  ti - wi/a = witb/wmax. 
a c c e l e r a t i o n  is a = wmax/ tbo  

A t  

a n  a n g u l a r  v e l o c i t y  o f  wi, t h e  v e l o c i t y  r a t i o  i s  A i  = v/(wlR). 
Therefore ,  wi = v/(AiR). 

t /A . ti = 'mtn b 1 
r e l a t i v e  times ' I~  = t i / t a b  = Xmin /[Xi ( n  9 l)]. A t  t i m e  t i ,  
t h e  wing a n g l e  i s  el = ($* 0 . 4 ~  - w f t i ) / 2  + 6. 

2 2 

(n 9 0.5)]) t 6. Thus, and can be c a l c u l a t e d  d u r i n g  
a c c e l e r a t i o n  f o r  g iven  Amin and n ,  f o r  a rb i t r a r i l y  many 

A t  t i m e  ti (0 < ti  I, t b ) )  t h e  

S i n c e  wmax = v/(Amin R), we have 
Div id ing  by tab = t b  ( n  t 1) y i e l d s  t h e  

A t  
I t / A  we f i n d  el = 0.5 ($o - $,I {l - min/Chi 'min b 1' 

v e l o c i t y  r a t i o s  A i .  

The average  t a n g e n t i a l  f o r c e  (g) and the  average  downstroke 
l ift (Rab) are o b t a i n e d  as fo l lows .  

numer ica l ly  f o r  
in~closed  form f o r  rb 5 r 1 

0 2 P 2 ?b, 

numer ica l ly  f o r  0 2 r 2 T~ 

in closed form f o r  ?b s 'I 2 1 
Y i t h  Hi Ui C O S  

The convers ion  f a c t o r  f o r  l i f t  i n t o  t a n g e n t i a l  f o r c e  i s  
k(90 - @u; 6; n; A m i n >  o/Rab* 
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I n s t e a d  of c a l c u l a t i n g  with the  t a n g e n t i a l  f o r c e s  of  

With 
s p e c i f i c  wings a t  s p e c i f i c  a n g u h r  v e l o c i t i e s ,  one can u s e  
t h e  t angen t181  f o r c e  c o e f f i c i e n t  C,. 

2 2  o = vIXR, we o b t a i n  U = Curtpv R / A 2 .  Since  v i s  be ing  assumed 
c o n s t a n t ,  h v a r i e s  on ly  when ~r) does.  
The r e l a t i v e  t a n g e n t i a l  f o r c e  U@ i s  s u b s t i t u t e d  f o r  U/const. 
For  a r b i t r a r y  hi ,  we have UiQ = Cui/Xl2, and Hi@ = Ui@ cos  $i. 

2 4  U 9 CUwpu R 

Hence, U = (Cu c o n s t ) / h  . 2 

The " t a n g e n t i a l  fo rce"  f o r  'I = Q ( U o ) ,  Le. (bo, can be 
oba ta ined  with s u f f i c i e n t  accuracy  from graphs of t h e  f u n c t i o n  
U@(X) by e x t r a p o l a t i o n  t o  large v a l u e s  of A .  

U@ was determined f o r  a11 integer and h a l f - i n t e g e r  v a l u e s  
o f  X from one t o  seven f o r  t he  same wings as i n  t h e  z - c a l c u l a t i o n .  
The v a l u e  of  U@ a t  X = 2 was t aken  t o  be u n i t y  and a l l  o t h e r  
U@ v a l u e s  expressed  i n  t h i s  u n i t  (Fig.  9). 

/441 

Fig .  9. Tangen t i a l  f o r c e  as a f u n c t i o n  of X for t he  wing A 

(see t e x t ) .  

The d e v i a t i o n s  from wing Abal are  small throuEhout .  Changes 
i n  chord depth d i s t r i b u t i o n  on t h e  scale u t i l i z e d  here (B-F) 
have v i r t u a l l y  no e f f e c t ,  while changes I n  t he  aerodynamic 
c o e f f i c i e n t s  and i n  the a s p e c t  r a t i o  have d e t e c t a b l e  e f f e c t s ,  
as do, on a smaller s c a l e ,  Changes i n  t he  p o s i t i o n  of  t h e  body 
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contour .  The v a l u e s  of  k were c a l c u l a t e d  f o r  the wing Abul a t  

'min 
140° with a n g l e s  o f  asymmetry ( 6 )  -loo, -5O, O o ,  5 O ,  10' and 
w i t h  t h e  time f a c t o r s  ( n )  2,  3, 4, 5, LO, 00 .. 

= 2, and f o r  the f l a p p i n g  a n g l e s  (9, - 0,) 60°, 70°, 8 0 ° , . . . ,  

3 

For  the  same wing,  and f o r  t h e  wings Ac82 and Aau3, whose 
U-curves d e v i a t e d  most from tha t  of Abal (Fig. 91, these k-values 
were a l so  determined f v  Amin * 1 and Xmin = 3 f o r  extreme 
c o n d i t i o n s  ( m a x i r m  flappingamplitude,,maximum p o s i t i v e  a n g l e  
of asymmetry, marlmum r e l a t i v e  a c c e l e r a t i o n  time) (Table  2 ) .  
The e r r o r  gene ra t ed  i n  u s i n g  t h e  standar.d v a l u e s  is small, 
even when the i n i t i a l  k inemat ic  v a l u e s  are unfavorab le ,  and 
does not exceed t h e  lg-limit f o r  what expe r i ence  has  shown t o  
be normal v a l u e s  ( r $ o  - $u e .I 125*, -5O 6 5 t 5 ° , a n d  5 3) .  

TABLE 11. DIFFERENCE BETWEEN 
k AND STANDARD VALUE ( A b d  f o r  Xmin = 2 )  

AT 0, - $u 140°, 6 4-10', ~1 2 .  

wfna l l U h  error ( % I  , 
Abal 1 -1.w 

2 0 
8 +O.14 

Aeaa 1 -1.12 
2 + 0.09 
8 + 0.?1 

A q?? 1 -1.71 
2 -02 
3 -0.01 

'These t a b u l a t e d  s t anda rd  va lues  are a v a i l a b l e  from t h e  a u t h o r s  
on request. 
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/442 - I n f l u e n c e  of I n i t i a l  Acce le ra t ion  i n  Downstroke on  Locat ion  
of E f f e c t i v e  Radius 

By analogy w i t h  the ave rage  t a n g e n t i a l  f o r c e ,  w e  can 
c a l c u l a t e  the average  power: 

1 

r10 
P = P(r)do. 

H e r e t o o a  r e l a t i v e  power can be in t roduced .  P * Cmnpw 3 5  R 
imp l i e s  Pii = Cmi/Ai 3 . The average  a n g u l a r  v e l o c i t y  of t h e  
downstroke = ($o 
t he  average v e l o c i t y  r a t i o  I= v/wR =Amin (n  + l ) / ( n  + 0.5). 
The e f f e c t i v e  r a d i u s  is  ob ta ined  from the  r e l a t i o n  p r e s e n t e d  
e a r l i z r  (see p. 11) z = P/(f%R),  o r ,  u s i n g  the  r e l a t i v e  v a l u e s ,  

( n  + 0.5) / (n  + 1) corresponds  - $,)/tab = amax 

2 = PiX/t7". 

For n = 2 ,  the  d i f f e r e n c e  beCween.the r e s u l t i n g  v a l u e  of  
z a s s o c i a t e d  w i t h  and t h e  va lue  c a l c u l a t e d  a t  c o n s t a n t  a n g u l a r  
v e l o c i t y  ( n  + m )  i s  +2.84% a t  X = 1 .2  (Amin = 1); +0.94% a t  
A = 2 . h  (Amin  = 2 )  and +0.46% a t  The larger 
n i s ,  t h e  less s i g n i f i c a n t  the  d i f f e r e n c e  i s ,  s o  t h a t  f o r  t i m e  
f a c t o r s  n 2 3 ,  even f o r  v e l o c i t y  r a t i o s  = 1, the  2 % - l i m i t  i s  
not  exceeded. 

= 3.6 (Amin = 3 ) .  

Execution o f  Power C a l c u l a t i o n  -- Discuss ion  of  Method 

The average  power of  t he  p a i r  o f  wings d u r i n g  t h e  downstroke 
was Pa, = 0 w R z  by analogy w i t h  the power of  t h e  p r o p e l l e r  
P = U w Rz. fi i s  determined by t h e  average  downstroke l i f t  

k. Hence, = nab and t h e  convers ion  f a c t o r  k: 0 - . 

Ra, w Rzk. With one excep t ion ,  t h e  f a c t o r s  con ta ined  i n  t h e  
equa t ion  a r e  q u a n t i t i e s  no t  measured d i r e c t l y ,  bu t  instead 
de r ived  from measured data (see Fig.  10). All are average  

b b  ab 
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values ,  so that the e f f e c t s  of their  e r r o r s  on the f i n a l  r e s u l t  
must be thken i n t o  account.  
t he  modi f ica t ions  presented  below. 

This is accomplished by means of 

Fig. 30. Connections between measured va lues  and r e s u l +  ,f 
power c a l c u l a t i o n .  
[ i n d i c e s :  ad = downstroke; ges  - o v e r a l l ]  

For each f l i g h t  analyaed,  three c a l c u l a t i o n s  were made f o r  /443 
a f i x e d  r a t i o  Hauf/Rab: 
t he  maximum and minimum p o s s i b l e  va lues .  

one f o r  the average va lue  and one f o r  
I n  de ta i l :  

Average downstroke l i f t  gab: obta ined  from t h e  weight 
G and i n  two c a s e s  from the r e l a t i v e  downstroke time tab/tges. 
For G ,  i t  was not  t he  average e r r o r ,  but t he  largest and smallest 
va lues  of t h e  series of measurements which was employed. 
e r r o r  i n t e r v a l  of t he  r e l a t i v e  downstroke time i s  obtained from 
the  average e r r o r s  of  tab and tges. 

The 
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Wing l e n g t h  R: i f  it may be assued that there is a 
c o r r e l a t i o n  between G and R f o r  the  s p e c i e s  involved, which 
might a l s o  be d iv ided  by sex , t h e  va lues  of  R corresponding 
t o  t h e  largest and smallest 0 on t h e  basis o f  the c o r r e l a t i o n  
were used. When a c o r r e l a t i o n  was un l ike ly ,  t h e  average wits 

a lways  employed, i.e. R had no maximum o r  minimum. 

4 

Average angular  v e l o c i t y  of downstroke I;: is  de r ived  from 
t h e  f lapping  angle Qo - Q 
w = (9, - 
i n  seconds. 
e r r o m  of t he  s t r o k e  angle and the downstroke t i m e .  

and the  downstroke t i m e  tab: 
a/(18O tab) with ang les  i n  8 and t i m e  

U - 
The e r r o r  i n t e r v a l  is obtained from t h e  average 

P o s i t i o n  of e f f e c t i v e  r a d i u s  z: determined from s tandard  
curve wi th  v e l o c i t y  r a t i o  x, cor rec t ed  f o r  wing shape, and then  
converted t o  f i n a l  form, us ing  t h e p o s i t i o n o f  t h e  body contour.  

a )  Downstroke v e l o c i t y  r a t i o  x = v/(wR): 

Cvorl. = provis iona l :  

‘This only makes sense when the  sexeS can be c l e a r l y  i d e n t i f i e d ,  
even i n  f l i g h t .  
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b )  P o s t t i o n o f  body contour  rK/R:  t he  e r r o r  i n t e r v a l  i s  ob ta ined  
from the average e r r o m  of rK and R. 

The factor  k f o r  c o n v e r t i n g  ave rage  downstroke l i f t  i n t o  
t a n g e n t i a l  f o r c e :  determined w i t h  t he  aid of the  t ide f a c t o r  
n ,  t he  s t r o k e  a n g l e  9, - Q,, and t h e  a n g l e  6 of asymmetry. 
The v a l u e s  of k were ob ta ined  by l i n e a r  i n t e r p o l a t i o n  i n  ail 
three t a b u l a t e d  v a r i a b l e s .  

a )  
and tb determine  the e r r o r  i n t e r v a l  o f  n. 

Time f a c t o r  n - (tab/tb) - 1. The average  e r r o r s  o f  tab 

b )  S t r o k e  a n g l e  $, - eU. 

c )  Angle of asymmetry 6.  

The r e l a t i o n s h i p s  shown i n  a )  and c )  a p p l y  f o r  t h e  c a s e s  /444 
2 2 n 6 5 and - 5 O  2 6 2 +5O. 
is par t t a l ly  r e v e r s e d .  Nothing can be changed v i a  n ,  however, 
because the  smallest n i s  a s s o c i a t e d  w i t h  t h e  minimum of  (ta,/tgeS) 
and t h e  maximum of w'. On t h e  o t h e r  hand, 6 is a r b i t r a r y  and t h e  

For 6 e - 5 O  and n < 5,  t h e  s i t u a t i o n  



v a l u e s  can be selected so that t h e y  r e s u l t  i n  the minimum 
o r  maximum k. 

As exp la ined ,  e and k d e v i a t e  from the  s t anda rd  v a l u e s ,  
depending on A.  
is t o o  l a r g e  a t  small v a l u e s  of A .  The e r r o r s  c a n c e l  t o  some 
e x t e n t .  The p rcduc t  kz is always a b i t  t o o  small, at wors t  by 
about  2%, b i t  a s u a l l y  by less t h a n  1%. A t  any rate, u s i n g  the  
s t a n d a r d  v a l u e s  does no t  r e s u l t  i n  a power which is t o o  large, 
so that a c o r r e c t i o n  can be omi t ted .  A s u f f i c i k n t l y  c l o s e  
approximation f o r  v e l o c i t y  r a t i o s  between 1 and 1.5 is  r a i s i n g  
the  power found wi th  the aid of  the  s t a n d a r d  v a l u e s  by 1%. 

While u s i n g  1 always mbkcs z t o o  small, k 

The sources  o f  t h e  i n i t i a l  data vary .  While the  k inemat ic  
parameters  c h a r a c t e l i z e  a s p e c i f i c  f l i g h t  of an  i n d i v i d u a l  b i rd ,  
the  morphological  parameters d e r i v e d  from series measurements 
are t h e o r e t i c a l l y  c h a r a c t e r i s t i c s  of t h e  ( a b s t r a c t )  ideal 
r e p r e s e n t a t i v e  o f  the  species o r  o f  a p o p u l a t i o n  o f  t he  s p e c i e s  
o r  of  a segment o f  i t ,  but  i n  r ea l i t y  are approximations 
ob ta ined  from random samples., The re fo re ,  it i s  b e s t  t o  i n c l u d e ,  
f o r  the time being ,  t h e  e n t i r e  range  of  v a r i a t i o n  of weight 
and,  i f  a p p r o p r i a t e ,  wing l e n g t h  i n  the  c a l c u l a t i o n .  The t r u e  
va lue  f o r  t he  f l i g h t  model can t h e n  be r e l a t i v e l y  c o n f i d e n t l y  
expec ted  t o  l i e  i n  t he  i n t e r v a l  between the maximum and minimum 
downstroke powers. The procedure  does n o t  supply  a p r e c i s e  
ga lue  f o r  a p a r t i c u l a r  i n d i v i d u a l ,  bu t  I n s t e a d  a range  o f  v a l u e s  
f o r  t he  s p e c i e s  concerned. The width of  t h e  i n t e r v a l  w i l l  be  
det3rnined by t h e  accuracy  o f  t he  i n i t i a l  v a l u e s ,  and t h e  
s i g n i f i c a n c e  o f  t he  r e s u l t s  must be d i s c u s s e d  from t h i s  v iewpoin t .  
Depending on t h e  q u a l i t y  of t h e  p r i m a r y  data, one may o b t a i n  only  
a n  order-of-magdltude estimate of downstroke power o r  a p r e c i s e  
a n a l y s i s  of e.g. t h e  r e l a t i o n s h i p  between f l i g h t  v e l o c i t y  and 
power o r  t h e  f l i g h t  powers o f  males and females. 



This  a l l  holds  f o r  our  t i m e  model o f  t h e  downstroke: i t  
begins with a n  a c c e l e r a t i o n  phase ,  and once t h e  maximum a n g u l a r  
v e l o c i t y  has  been attained, i t  i s  main ta ined  u n t i l  the  end 
of  t h e  downstrdke. Downstrokes w i t h  v a r y i n g  a n g u l a r  v e l o c i t y  and 
consequent ly  s e v e r a l  a c c e l e r a t i o n  phases  would have t o  be treated 
i n d i v i d u a l l y ,  and the  t a b u l a t e d  convers ion  f a c t o r s  k would n o t  
be a p p l i c a b l e .  If t h e  $ ( t )  curve of such a tlownstrbke i s  r e p l a c e d  
by a d i f f e r e n t  one i n  which a l l  the i n t e r v a l s  of a c c e l e r a t i o n  
are combined i n t o  a s i n g l e  i n i t i a l  a c c e l e r a t i o n ,  while t h e  
s t r o k e  a n g l e  and t h e  downstroke time remain unchanged, s u b s t i t u t e  
curves  $(t) o r  w ( t )  a re  ob ta ined ,  f o r  which t h e  time f a c t o r  n 
i s  t h e n  g iven  as well (see Oehme and K i t z l e r  1974) .  
u se  two examples t o  show how t h e  a p p l i c a t i o n  of  t he  method 
of c a l c u l a t i o n  t o  such s i m p l i f i e d  k inemat ic  c o n d i t i o n s  a f f e c t s  
t h e  two f a c t o r s  z and k (F ig .  11). Case 1: f o r  the s u S s t i t u t r ?  
curve ,  

va lues .  The s e p a r a t e  a c c e l e r a t i o n s  combined i n t o  a s i n g l e  
i n i t i a l  a c c e l e r a t i o n  va ry  i n  magnitude and s i g n .  Case 2 :  f o r  
the s u b s t i t u t e  curve ,  $o - 
at 'max 
are equal i n  magnitude and s i g n ,  b u t  occu r  a t  d i f f e r e n t  times. 
Moreover, t h i s  i s  a n  extreme c a s e  i n  which the  r o t a t i o n  of t h e  
wing s t o p s  completely,  whereupon the  wing i s  r e a c c e l e r a t e d  up 

c a l c u l a t e d  i n  s e c t i o n s ,  t h e  r e l a t i v e  v a l u e s  of t a n g e n t i a l  f o r c e ,  
average downstroke l i f t ,  and average  downstroke power o b t a i n e d  
by summing over  t h e  downstroke time, and the  f a c t o r s  k and z 
c a l c u l a t e d  from these figures.  Compared t o  t h e  s t anda rd  v a l u e s  
( r e l a t i v e  t o  x), t he  fo l lowing  d i f f e r e n c e s  r e s u l t e d  (Table 3). 

While z i s  t h e  same i n  Case 2 f o r  t h e  o r i g i n a l  and t h e  s u b s t i t u t e  
cu rves ,  t h e  s i m p l i f i c a t i o n  i n  Case 1 resL1lts i n  a va lue  which 
i s  t o o  small. The k-values o f  t h e  o r i g i n a l s  n a t u r a l l y  depend 
on t h e  p o s i t i o n  of t h e  a c c e l e r a t i o n s  w i t h i n  t h e  downstroke. The 

We w i l l  

= 1 .5  at  wmax = 20/sec,  /445 *, Amin = 140°, 6 = 0,  n = $0 - $u 
= 1.8. Two q u i t e  d i f f e r e n t  sequences lead t o  these s u b s t i t u t e  

= 140°, 6 = 0, ri = 2, X = 1  
@ U  min 

= 20/sec,  = 1.2. The o r i g i n a l  th ree  a c c e l e r a t i o n s  

/ 4 4 6  t o  i ts  o l d  angu la r  v e l o c i t y .  The o r i g i n a l  downstroke was - 
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Fig. 11. T a n g e n t i a l  f o r c e ,  l i f t ,  and power as f u n c t i o n s  o f  t i m e  
f o r  d i f f e r e n t  downstrokes w i t h  s e v e r a l  p e r i o d s  of a c c e l e r a t i o n .  
S o l i d  curves :  o r i g i n a l  downs3roke. Broken cu rves :  S u b s t i t u t e d  
downstroke wi th  pu re  i n i t i a l  a c c e l e r a t i o n .  Wing Abal, (See 
t e x t  f o r  e x p l a n a t i o n ) .  

complete  s toppageof  r o t a t i o n  fol lowed by r e a c c e l e r a t i o n  (Case 2 )  
has a much g rea t e r  e f f e c t  t h a n  changes i n  a n g u l a r  v e l o c i t y  wi thout  
complete  s toppage (Case  1). The c a l c u l a t i o n  w i t h  t h e  v a l u e s  o f  
k and z corresponding  t o  t h e  s u b s t i t u t e  curve  would y i e l d  powers 
which were t o o  small i n  Case 1, b u t  t o o  l a r g e  i n  Case 2 ,  



TABLE 111. DIFFERENCES I N  FACTORS k AND z FOR THE 

STANDARD VALUES ( i n  % )  
O R I G I N A L  AND SUBSTITUTE CURVES + ( t )  FROM THE 

Case IS 18 f a  !?b Be 

Original +1.60 -0.61 -2s -7.06 -6.43 - k 
S u b s t i t u t e  4 - O B  

S u b s t i t u t e  +is + 284 
a origil + 2.41 + 2.41 + 2.8-4 + 9a +esr - 

p a r t i c u l a r l y  when t h e  m u l t i p l e  a c c e l e r a t i o n s  occur  n e a r  t h e  
a n g l e  b i s e c t o r  of t h e  s t r o k e  a n g l e .  A s i n g l e  i r r e g u l a r  wing- 
s t roke ,  used i n  obta in5ng t h e  i n i t i a l  k inemat ic  data  v i a  t h e  

s u b s t i t u t e  curve ,  would h a r d l y  f : . l s i f y  t h e  r e s u l t .  However, 
i f  " i r r e g u l a r "  wing beats are t h e  norm, t h e  c a l c u l a t i o n  w i l l  
supply only  an  approximation,  and i t  w i l l  have t o  be  estirrated 
whether t h e  r e s u l t  is  t o o  large o r  t o o  small. Never the leF- ,  
t h e  d i f f e r e n c e s  w i l l  u s u a l l y  be smaller than  t h o s e  i n  t h e  
examples, when t h e  s t r o k e  a n g l e  i s  smaller and t h e  time 
f a c t o r  l a r g e r .  If t h e  downstrokes are  s o  i r r e g u l a r  t h a t  n < 2 
f o r  t h e  s u b s t i t u t e  cu rve ,  t h e  c a l c u l a t i o n s  w i l l  no longe r  f u r n i s h  
u s e f u l  r e su l t s .  However, i t  i s  q u i t e u n l i k e l y  t h a t  such a c a s e  
would r e p r e s e n t  unacce le ra t ed  h o r i z o n t a l  f l i g h t .  

F i n a l l y ,  w e  wish t o  d i s c u s s  once more t h e  p r i n c i p l e s  of  t h e  

procedure .  The induced t a n g e n t i a l  v e l o c i t y  o f  t h e  p r o p e l l e r  
was neg lec t ed  ( b  = 01, s i n c e  i t  has p r z c t i c a l l y  no e f f e c t  on 
t h e  l o c a t i o n  o f  t h e  p o i n t  of a p p l i c a t i o n  of  t h e  t o t a l  t a n g e n t i a l  
f o r c e  f o r  t h e  g iven  v e l o c i t y  r a t i o ,  and s i n c e  even t h e  r a t i o  
o f  t h e  t a n g e n t i a l  f o r c e s  does no t  change a t  d i f f e r e n t  v e l o c i t y  
r a t i o s .  However, t o  a s p e c i f i c  t a n g e n t i a l  f o r c e  must correspond 
a s p e c i f i c  t a n g e n t i a l  v e l o c i t y  increment  o r  t h e  v e r t i c a l  v e l o c i t y  
a long  t h e  i n n e r  p a r t s  o f  t h c  wing cor responding  t o  t h e  downwash. 
Therefore ,  i f  one desires  t o  c a l c u l a t e  t h e  t a n g e n t i a l  f o r c e  f o r  
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a given  wing w i t h  s p e c i f i e d  c o e f f i c i e n t s ,  assuming t h i s  f o r c e  
t o  b e  e q u a l  t o  tha t  on t h e  p r o p e l l e r  r o t a t i n g  through t h e  

e n t i r e  c i r c u l a r  screw s u r f a c e ,  t he  f a c t o r  b can be h a r d l y  b e  

ignored  and an  e x p r e s s i o n  f o p - t h e  induced v e l o c i t y  a l o n g  t h e  
i n n e r  wing must be in t roduced  ( c f .  F ig .  3 ) .  As t h e  two wings / 447  
t r a v e r s e  t h e  s t r o k e  a n g l e ,  t h e  a d d i t i o n a l  v e l o c i t y  has a 
cJmponent directed v e r t i c a l l y  downward and dependent on wing 
p o s i t i o n .  T h i s  cor responds  t o  t h e  downstroke l i f t ,  which v a r i e s  
i n  t h e  same way, and a mean v e r t i c a l  induced v e l o c i t y  t h e n  
cor responds  t o  t h e  average  downstroke l i f t .  If one wishes t o  
draw i n f e r e n c e s  about  t a n g e n t i a l  f o r c e ,  and e v e n t u a l l y  about 
power, from t h e  momentun o f  t h e  " f l a p p i n g  wing j e t "  a s s igned  t o  
t h i s  v e l o c i t y ,  t h e  s t roce-angle-dependent  c o n t r i b u t i o n  t o  a n g u l a r  
momentum and t h e  time of the  downstroke d u r i n g  t h e  s t r o k e  must 
no t  b e  ingnored.  However, any experiment  des igned  i n  t h i s  

f a s h i o n  presumes knowledge o f  va lues  which are u s u a l l y  no t  
a v a i l a b l e .  The approximation method developed here avo ids  these 
d i f f i c u l t i e s ,  by p e r m i t t i n g  t h e  use  o f  any t a n g e n t i a l  f o r c e  
determined e v e n t u a l l y  by the weight o f  t h e  an imal ,  and presuming 
t h e  
wi thout  r e p r e s e n t i n g  them p r e c i s e l y .  Thus, t h e  second f o r c e  
component gene ra t ed ,  namely t h r u s t ,  i s  not  r e p r e s e n t e d .  The 
induced drag on t h e  d ing ,  determined by i t s  a s p e c t  r a t i o ,  l ikewise 
does no t  appear. S ince  lower induced drag means g r e a t e r  t h r u s t  
y i e l d ,  t heo ry  would l e a d  one t o  a n t i c i ; > a t e  a r e l a t i o n s h i p  
be tween c a l c u l a t e d  powers and f l i g h t  v e l o c i t i e s .  When t h e  same 
power i s  c a l c u l a t e d  f o r  two e q u a l l y  heavy b i r d s  w i t h  equa l  
s u r f a c e  load ,  t h e  one w i t h  t h e  s l e n d e r e r  wing mus t  b e  f a s t e r ,  
assuming t h a t  t h e  two b i r d s  have t h e  same body d r a g  and t h e  same 
wing p r o f i l e s .  Pure examples of t h i s  c a s e  w i l l  no t  occur  i n  
p r a c t i c e ,  wi thout  coming up a g a i n s t  t h e  urd own f o r c e  parameters 
a g a i n .  However, more e x t e n s i v e  comparisons would have t o  
confirm t h a t  s low-f ly ing  narrow-winged b i r d s  have r e l a t i v e l y  
t h e  smallest powers, and f a s t - f l y i n g  broad-winded b i r d s  t h e  

e x i s t k n c e  of  t h e  induced v e l o c i t i e s  cor responding  t o  i t ,  
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r e l a t i v e l y  g r e a t e s t  ones.  If t h i s  i s  t h e  way t h a t  t h e  e f f e c t  
o f  any d r a g  r e d u c t i o n  due t o  free primaries (see Oehme and K i t z l e r  
1975) were t o  be d i scove red ,  i t  would r e q u i r e  extremely p r e c i s e  
measurements of  v e l o c i t y ,  because of  t h e s m a l l n e s s o f  t h e  e f f e c t .  
Consequently,  c o r r o b o r a t i o n  cannot  be expec ted .  For t h e  power 
c a l c u l a t i o n  i t s e l f ,  t h e  s p e c i a l  p i n i o n  s t r u c t u r e  has no 
i n f l u e n c e .  

One s t a r t i n g  p o i n t  i n  t he  d e r i v a t i o n  of t h e  e f f e c t i v e  
r a d i u s  and t h e  convers ion  f a c t o r  f o r  l i f t  was t h e  assumption 
o f  c o n s t a n t  f o r c e  parameters  on t h e  wing elements  d u r i n g  t h e  
downstroke. A p e r i o d i c  v a r i a t i o n  i n  a n g l e  of  a t t a c k ,  as 
assumed by von Hols t  (1943) and von Hols t  and Kuchemann (19411, 
would a l s o  induce such v a r i a t i o n s  i n  t h e  f o r c e  parameters ,  
p a r t i c u l a r l y  i n  ca. Tangen t i a l  f o r c e  would t h e n  depend no t  
on ly  on angu la r  v e l o c i t y ,  'rut a l s o  on wing p o s i t i o n .  T h i s  would 
r e q u i r e  f u r t h e r  i n fo rma t ion  on t h e  magnitude o f  t h e  a n g u l a r  
changes and t h u s  o f  t h e  changes i n  t h e  c o f f i c i e n t s ,  which would 
a g a i n  presume p r e c i s e  p r o f i l e  p o l a r  curves  f o r  t h e  i n d i v i d u a l  
wing elements .  It i s  h a r d l y  p o s s i b l e  t o  make s u f f i c i e n t l y  
p r e c i s e  measurements o f  a n g l e  on va r ious  wing s e c t i o n s  when 
t h e  b i r d  i s  f l y i n g  f r ee ly .  T h i s  h a s  been done f o r  a t r a i n e d  
b i r d  f l y i n g  i n  a wind t u n n e l  ( B i l o  1971), but  t h e s e  s t u d i e s  
have l i k e w i s e  shown t h a t  i s  very d i f f i c u l t  t o  monitor a c e r t a i n  
pe r iod  o f  time ove r  s e v e r a l  s t r o k e  c y c l e s  and t o  separate wing 
s t r o k e s  a l te red  by c o n t r o l  movements from "ord inary"  ones of  
powered f l i g h t .  The theo ry  o f  von Hols t  s ta tes  t h a t  t h e  e f f e c t i v e  / 4 4 8  
a n g l e  o f  a t t a c k ,  i n c r e a s i n g  from t h e  r o o t  t o  t h e  t i p  of  t h e  wing, 
r eaches  i t L  maximum as t h e  wing passes  through t h e  h o r i z o n t a l ,  
and has an i d e n t i c a l  smaller va lue  a t  t h e  beginning  and end 
o f  t h e  downstroke a t  a l l  p o i n t s  on t h e  wing. T h i s  means roaghly  
a r e v e r s a l  o f  t h e  c o f f i c i e n t  d i s t r i b u t i o n  3 i n  t h e  middle  o f  
t he  downstroke. Thus, z gruws form t h e  beginning  of  t h e  down- 
s t r o k e  t o  t h e  middle of t h e  downstroke, and then  d e c r e a s e s  again.  
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Converted t o  a c o n s t a n t  ave rage  downstroke l i f t ,  z becomes 
a p p r e c i a b l y  g r e a t e r .  For the  same c a s e ,  k becomes somewhat 
smaller, because t h e  maximum of t a n g e n t i a l  f o r c e  c o i n c i d e s  
w i t h  t h e  h o r i z o n t a l  wing p o s i t i o n  ( 4  = 0, cos  (8 = 1). On t h e  
whoze, t h e  r e s u l t  is a downstroke power g r e a t e r  t han  i n  t h e  
case o f  c o n s t a n t  c o e f f i c i e n t s .  A s  far as can be judged by 
t i m e - l e n s  photographs,  t h e  p i n i o n  o f  t h e  wing is prcna ted  
d u r i n g  t h e  a c c e l e r a t i o n  phase of  t h e  downstroke motion, and t h e n  
remains i n  t h i s  p o s i t i o n  d u r i n g  t he  res t  o f  t h e  downstroke. 
T h i s  would b e  compatible  w i t h  t h e  hypo thes i s  o f  more or less 
c o n s t a n t  c o e f f i c i e n t s  on t h e  wing e lements :  a t  the beginning  
o f  t h e  downstroke ( w  = O), t h e  e n t i r e  wing is p a r a l l e l  t o  t h e  
apprGaching airstream. With i n c r e a s i n g  a n g u l a r  v e l o c i t y ,  t h e  
airstream approaches from f u r t h e r  and f u r t h e r  benea th  t h e  wing, 
and t h e  f u r t h e r  t h e  wing s e c t i o n  l i e s  from t h e  shou lde r  j o i n t ,  
t h e  greater t h e  d i f f e r e n c e  between t h e  r e l a t i v e  a i r  d i r e c t i o n  
and t h e  l o n g i t u d i n a l  axis o f  t h e  b i r d .  Thus,  t h e  t w i s t i n g  c a r  
p r e s e r v e  t h e  o r i g i n a l  a n g l e  o f  a t t a c k  and keep t h e  c o e f f i c i e n t s ,  
p a r t i c u l a r l y  ca ,  roughly c o n s t a n t .  

For a t y p i c a l  downstroke ( i . e .  w i t h  p u r e l y  i n i t i a l  
a ~ c _ e l a r a t i o n ) , a l l c a l c u l a t i o n s t e n d e d  t o  y i e l d  powers which were 
t o o  small. T h i s  is i n  f a c t  an advantage i f  we are t r y i n g  t o  
demonst ra te  j u s t  how g r e a t  t h e  f l i g h t  power i s .  The only 
parameter  which is not  measured, b u t  i n s t e a d  a s s i g n e d ,  i s  t h e  
r a t i o  of ups t roke  l i f t  t o  downstroke l i f t .  Any v a l u e  between 
t h e  two extremes Rauf = 0 and HaUf - nab i s  t h e o r e t i c a l l y  
p o s s i b l e .  A t  t h i s  p o i n t ,  we cons idered  only the  p o s s i b i l i t y  

If  every  c o n c r e t e  case  can b e  c l a s s i f i e d  i n t o  'auf 
one o f  the  two i n t e r v a l s ,  t h e  upper and lower powers would b e  
ob ta ined .  The only d i f f i c u l t y  is tha t  f o r c e s  i n  t h i s  c a s e  must 
be d i r e c t l y  estimated from morphological  f e a t u r e s .  However, 
a r u l e  can b e  d e r i v e d  from a c l o s e  examinat ion o f  t h e  ups t roke  
u s i n g  kinematogTaphic r e c o r d i n g .  I n  many sma l l  b i r d s ,  t h e  wing 

- - 
- 

= 0.5Hab. 
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is l a rge ly  fo lded  up d u r i n g  the  ups t roke .  They can  readi ly  be  
a s s igned  t o  the  ca t egory  0 I n  l a r g e  b i r d s ,  

the  r u l e  is t h a t  t he  p i n i o n  i s  more or l ess  fo ldedand  bent  
toward t h e  i n n e r  part o f  t h e  wing d u r i n g  t h e  ups t roke ,  whi le  
t he  i n n e r  half remains unfolded and a c t s  as a l i f t - g e n e r a t i n g  

The upper l i m i t  i s  probably s u r f a c e :  0.5Hab c Hauf 
n o t  reached, because t h e  l i f t - g e n e r a t i n g  s u r f a c e  is smaller 
than  i n  t h e  downstroke, and such a large v e r t i c a l  f o r c e  component 
could  t h e n  only b e  achieved  by r e l a t i v e l y  large a n g l e  of  a t tack,  
producing a great i n c r e a s e  i n  r e v e r s e  t h r u s t ,  and e v e n t u a l l y  t h e  
lat ter could no longe r  overcome by t h e  t h r u s t  gene ra t ed  d u r i n g  
t he  downstroke. 

Hauf < 0.5Hab. 

a Hab 

With t h e  p r e s e n t  form o f  t h e  c a l c u l a t i n g  method, t h e  power 
r e s u l t i n g  from t h e  a c t i o n  of t h e  wing on t h e  mass o f  a i r  which 

r e q u i r e d  t o  overcome t h e  i n e r t i a  of t h e  wing from t h e  
beginning  o f  t h e  downstroke i s  ignored .  The c a l c u l a t i o n  a i s o  
i g n o r e s  t h e  muscular work performed d u r i n g  t h e  ups t roke  as well 
as energy r e l e a s e d  I n  o t h e r  organs .  Taking the  c a l c u l a t e d  power 
s i m p l y  as f l i g h t  power, 1.e. c o n v e r t i n g  it t o  t h e  e n t i r e  s t r o k e  
c y c l e  has t o  y i e l d  lower va lues  t h a n  would a t o t a l  power 
de t e rmina t ion  on metabol ic  and p h y s i o l o g i c a l  p r i n c i p l e F .  

it moves d u r i n g  the downstroke can  b e  ob ta ined .  The power /449 

Part 11: S p e c i f i c  Power Capaci ty  ?f P e c t o r a l  Muscles of  
Columbia L i v i a  ( P i . o n )  and S t r e p t o p e l l a  Decaocto i n  
Hor i zon ta l  F l i g h t  

Material 

Our method o f  c a l c u l a t i o n  was a p p l i e d  t o  two s p e c i e s  whose 
h o r i z o n t a l  f l i g h t  i s  pure powered f l i g h t ,  and i s  t h u s  not 
i n t e r r u p t e d  by g l i d i n g  o r  s a i l i n g  phases .  A popu la t ion  o f  w i ld  
c i t y  doves a t  t h e  edge of  t h e  B e r l i n  Zoo and t h e  large 
popu la t ion  of Turk ish  doves i n h a b i t i n g  t h e  e n t i r e  Zoo area 
provided niorphological and k inemat ic  d a t a .  
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The weight, the weight of  the two p e c t o r a l  muscles,  t h e  Iavlgth 
of t he  wing, and the  p o s i t i o n  o f  t h e  body con tour  were measured 
m f r e s h l y  - k i l l e d  a d u l t  an imals  :see Oehme and K i t z l e r  1975) .  
I n  bo th  s p e c i e s ,  t h e  sexes can g e n e r a l l y  be  d i s t i n g u i s h e d  i n  
f l i g h t ,  s o  tha t  no s e p a r a t e  a n a l y s i s  of males and females was 
c a r r i e d  o u t .  The s u b j e c t s  were 17 pigeons ( 9  males, 8 females) 
and 23 Turkish  doves (11 males, 12 females). I n  both  s p e c i e s  
there  was a p o s i t i v e  c o r r e l a t i o n  between t o t a l  weight and weight 
o f  the  p e c t o r a l s  ( e r r o r  p r o b a b i l i t y  5%), while one e x i s t e d  
between t o t a l  weight and wing l e n g t h  only  i n  t h e  Turkish  dove. 
The equa t ions  f o r  t h e  r e g r e s s i o n  l i n e s  are G 

f o r  Columba (G and Gpect i n  kg, R i n  m ) .  
edge o f  the  body contour  is a t  r K / R  = 2.075 + - 0.001. 
v a l u e s ,  a s s o c i a t e d  wi th  t he  smallest, average ,  and largest  
G ,  were ob ta ined  ( T a k l e  ';). The relat ive,  p e c t o r a l  weight i s  a l s o  
l i s t e d .  

- 0.0285 + 0.089 G 
P W t  

and R - 0.167 + 0.4 G f o r  S t r e p t o p e l i a  a r d  Gpect = 0.321 + 0.1322 G 
I n  bo th  species, t h e  

The f o l l o w i n g  

TABLE I V .  MORPHOLOGICAL PARAMETERS OF THE 
TWO SPECIES OF DOVE 

0 R 
.hn')kcl, I tm) 

Columbo L'riu 0.W 0.816 
0.888 U 1 6  
0.888 0,816 

Streptopdin b o r f o  0.189 0,28281 
-0 W? 
0.2s1 0;%9 

The f i l m  m a t e r i a l  assembled f o r  both s p e c i e s  made i t  
p o s s i b l e  t o  c a l c u l a t e  n i n e  pigeon and seven Turkish  dove 
f l i g h t s .  The method by which t h e  kinematic  parameters were 
d e r i v e d  has already been d e s c r i b e d  (Oehme and Kitzler  1974) .  
The downstrokes were a l l  of t h e  o r d i n a r y  t y p e ,  w i t h  only one 
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p e r i o d  o f  a n g u l a r  a c c e l e r a t i o n .  The f l i g h t  v e l o c i t y  v could  
only  be determined roughly  by measuring the  time between known 
t e r r a i n  p o i n t s ,  a l l owing  f o r  t he  d i r e c t i o n  and t h e  s t r e n g t h  of 
t h e  w h d .  Experiments w i t h  models have demonstrated t h a t  such 
a w o c e d u r e  i n v o l v e s  a n  u n c e r t a h t y  of  1 0 %  on b o t h  s ides .  Th i s  
was t aken  t o  b e  t he  e r r o r  i n t e r v a l  f o r  t h e  v e l o c i t i e s  o f  t h e  b i r d s .  

R e s u l t s  and Discuss ion  

The va lues  ob ta ined  f o r  power -- s p e c i f i c  power of  t he  
p e c t o r a l s  and average  r e l a t i v e  power -- are  d e p i c t e d  i n  F ig .  1 2 .  
They were c a l c u l a t e d  f o r  t h e  two extreme c a s e s  Fauf = 0.$Iab 
and Rauf = flab, t he  ups t roke  (see Fig .  13) i n d i c a t i n g  t h a t  t h e  
first equa t ion  i s  c l o s e r  t o  t h e  r e a l  s i t u a t i o n .  During t h e  
ups t roke ,  the  Turkish  dove f o l d s  i t s  wings m G r e  t h a n  does t h e  
Pigeon* so that f o r  t h i s  s p e c i e s ,  t h e  average  ups t roke  l i f t  
I s  somewhat smaller, which would i n c r e a s e  t h e  downstrol: % .  8 . 
The pigeon was assumed t o  have t h e  chord d e p t h  d i s t r i b i : t l o n  
01 t h e  t h e o r e t i c a l  wing, while t he  s t a n d s r d  va lues  f o r  z were 
raised by 1% for  t h e  Turk ish  dove (wing f 2 r m  B) . 5 

We w i l l  f i rs t  d i s c u s s  r e l a t i v e  downstroke power conver ted  
t o  t h e  s t r o k e  c y c l e ,  becaime it opens t o  q o s s i b i l i t y  of a 
comparison wl th  metabol ic -phys io logica l  f i n d i n g s .  
(Tab t a b / t g e s ) / G  would ex?ress t h e  average  power, - - e l a t i v e  t o  
body weight, i f  i t  were denived only  from t h e  pec f .o ra1  power d u r i n g  
t h e  downstroke. T o t a l  energy consumption o f  t h e  b l r d  p e r  t2me 
and weight must be higher .  
( k c a l / h )  i s  conver ted  t o  mechanical power (HP)  f o r  an  e f f i c i e n c y  
of  25%.  Pearson (1964) and Lefebvre (1964) determined t h e  

The e x p r e s s i o n  

Thermal energy p e r  u n i t  of time 

'A complete t ab l e  w l t h  t h e  d i r e c t  ( s t r o k e  ang le ,  a n g l e  of 
asymmetry, f l i g h t  speed) and de r ived  ( r e l a t i v e  downstroke time, 
a n g u l a r  v e l o c i t y ,  v e l o c i t y  r a t i o ,  time f a c t o r )  purane t ,e rs ,  t h e  
two f a c t o r s  z and k, and t h e  r e s u l t i n g  powers i s  a v a i l a b l e  from 
t h e  a u t h o r s  upon r e q u e s t .  
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Fig.  12 .  S p e c i f i c  power of t h e  p e c t o r a l  muscles (bot tom) snd 
t h e  downstroke power ( t o p )  conver ted  t o  t h e  e n t i r e  s t r o k e  cycle 
of n ine  pigeons ( l e f t )  and seven Turkish  doves ( r i g h t ) .  Solid 
l i n e s i  C a l c u l a t i o a s  wi th  Rauf = 0.5Rah; broken l i n e s :  c a l c u l a t i o n s  
w i t h  Hauf = nab. C i r c l e s  d e s i g n a t e  average  va lues .  

t o t a l  energy consumption of f l y i n g  pld6,tons. If energy 
product ion  a t  rest btandard metabol ic  r a t e ,  r e s t i n g  metabol ic  
r a t e )  isknown t h e  average  energy r equ i r emer t  o f  the  p e c t o r a l s  
i n  f l i g h t  i s  equa l  t o  t h e  t o t a l  energy consumption minus t h e  
r e s t i n g  metabol ic  ra te  and minus the inc reased  power consumption 
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o f  muscles o t h e r  t h a n  t h e  p e c t o r a l s  ( w i n g - l i f t i n g  muscles,  
heart, r e s p i r a t o r y  muscula ture ,  e tc . ) .  The i n c r e a s e d  power 
consumption due t o  muscles o t h e r  t h a n  t h e  p e c t o r a l s  was assumed 
t o  be three times as g r e a t  as t h e  r e s t i n g  metabol ic  rzte. T h i s  

i s  based on t h e  fo l lowing  h igh ly  s i m p l i f i e d  d e r i v a t i o n .  Zeutken 
(1942) found t h e  power consumption of f l y i n g  pigeons t o  be 
between and 1 0  and 27 times t h e  r e s t i n g  metabol ic  ra te ,  Pearson 
(1964) found i t  t o  b e  23 times t h e  l a t t e r ,  and Lefebvre (1954) 
1 0  times t h e  r e s t i n g  metabol ic  rate. We w i l l  u se  a f i g u r e  o f  
18  t i m e s  t h e  r e s t i n g  metabol ic  ra te  and estimate t h e  power 
consumption d u r i n g  f l i g h t  of  organs no t  d i r e c t l y  p a r t i c i p a t i n g  
i n  t h e  work o f  f l i g h t  t o  be  tw ice  t h e  r e s t i n g  metabol ic  rate.  
The remaining 1 6  times t h e  r e s t i n g  metabol ic  ra te  must b e  

d iv ided  between t h e  p e c t o r a l s  and t h e  o t h e r  f l i g h t  mus-1 es. 
For t h e  l a t t e r ,  w e  s u b s t i t u t e  t h e  most impor tan t  w i n g - l i f t i n g  
muscle, t h e  M. supracoracoideus .  I n  t h e  p igeon,  t h i s  muscle /452 
weighs about  1/7 as much as t h e  p e c t o r a l .  Assuming t h e  same 
average  metabol ic  i n t e n s i t y  i n  bo th  muscles ,  w e  a s s i g n  1 4  
times t h e  r e s t i n g  metabol ic  ra te  t o  t h e  two p e c t o r a l s  and t w i c e  
t h e  r e s t i n g  meLabolic rate t o  t h e  w i n g - l i f t i n g  muscles.  The re fo re ,  
t he  average  power consumption o f  t h e  p e c t o r a l s  i s  equa l  t o  
t h e  t o t a l  power consumption minus f o u r  times t h e  r e s t i n g  metabol ic  
rate.  The amount s u b t r a c t e d  may be t o o  large,  but  i t  i s  
a sa fegua rd  a g a i n s t  f i n d i n g  t o o  l a r g e  a c a l o r i z  e q u i v a l e n t  
as a conf i rma t ion  o f  mechanical powers which are t o o  large.  
We emphasize once more t h a t  t h i s  scheme s e r v e s  only  f o r  
e s t i m a t i n g  t h e  o r d e r  of  magnitude, s i n c e  i t  i s  more l i k e l y  
t h a t  t h e  supracoracoideus  does not  have t h e  same ra t e  o f  power 
consumption ( c f .  George and Berger 1966) and i s  a c t i v e  only i n  
t h e  f i rs t  p a r t  o f  t h e  ups t roke ,  i n  which t h e  i n n e r  par t  of t h e  
wing is  raised i n t o  p o s i t i o n  f o r  t h e  nex t  downstroke, and t h e  
adduc to r s  bend t h e  p i n i o n  j o i n t ,  wh i l e  t h e  p e c t o r a l  must a l r e a d y  
perform ho ld ing  work, whi le  t h e  abduc to r s  b r i n g  t h e  p in ion  i n t o  
t h e  s t a r t i n g  p o s i t i o n  f o r  t h e  n e x t  downstroke ( c f .  Oehme 1968b) .  
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Fig. 13. 
o f  Columbia l i v i a  ( l e f t ,  veiw from below) and S t r e p t o p e l i a  
decaocto  ( r i g h t ,  view from rear).  Derived from superimposed 
t ime-lens photographs,  t h e  numbers are t h e  t i m e  i n  msec from 
s ta r t  o f  downstroke. 

Wing p o s i t i o n  and wing area i n  downstroke and ups t roke  

TABLE V. POWER CONSUMPTION AND AVERAGE 
R E L A T I V E  PECTORAL POWER OF COLUMBIA L I V I A  

@) 

112Qnax a t  4.3 (4 91.11 0.038 
13 m/s < Y < 14 mp) 5.25 (d) 91 0.036 

7 (b) 84 0.0% 
M(75% of max a t  'D3 66.8 0.026 

13 a / s  < Y < 14 mir) 5.2.i 63 0.02.5 
7 56 0.0-1.2 

71.8( max a t  4.3 54.6 0.02 
vs = li.9 mis) 6.25 50.11 0.020 

7 43.8 0.017 
W(av. a t  43 40.8 0.016 
11.2 m/r < vs < 18.8 m/s) 525 37 0.01 .G 

7 30 0.012 

. 

I n  T a b l e  5 ,  t h e  r e s u l t s  f o r  4 d i f f e r e n t  t o t a l  energy consumption 
f i g u r e s  a re  l i s t e d  w i t h  three d i f f e r e n t  r e s t i n g  metabol ic  r a t e s  
i n  each  c a s e .  The l a t t e r  a l s o  d i f f e r  by  q u i t e  a b i t .  

de r ived  from %-.e f i n d i n g s  of  Pearson a g r e e  well  w i t h  t h o s e  f o r  
The va lues  
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= 0.5Rab (Fig.  1 2 ) ,  i f o n e s t a r t s  from a smaller t o t a l  v a l u e  'auf 
and cor respondingly  smaller speeds ,  and even t h e  ra te  o f  
112 kcal/kg/h g iven  as a n  upper bound by Pearson leads t o  
s a t i s f a c t o r y  agreement w i t h  t h e  r e l a t i v e  downstroke powers 
c a l c u l a t e d  f o r  moderzte and h igh  speeds.  IiJwever, t h e y  
c o n f l i c t  conspicuous ly  w i t h  Le febvre ' s  f i n d i n g s .  For h i s  upper 
bound, there  are, when t h e  v e l o c i t y  is  ignored ,  j u s t  b a r e l y  

h i s  average va lue ,  on t h e  o t h e r  hand, there is  no l o n g e r  any 
agreement f o r  t h i s  case, even i f  t h e  powers which are about 
7% lower w i t h  a d i f f e r e n t  c o e f f i c i e n t  d i s t r i b u t i o n  ( 3 )  are used. 
In  o r d e r  t o  o b t a i n  such low va lues  o f  (Fab tab/tges)/G, one 
would have t o  make t h e  u n r e a l i s t i c  hypo thes i s  t h a t  E 
A number o f  o b j e c t i o n s  t o  Le febvre ' s  a n a l y s e s  must nc b e  
ignored .  Determinat ion of energy consumption by mear. of C02 /453 
product ion  w i t h  a id  o f  i s c t o p i c a l l y  labelled water (D2h , H,O18) 
y i e l d s  s a t i s f a c t o r y  r e s u l t s  w i t h  l a b o r a t o r y  moni tor ing  of  t h e  
exper imenta ls  animals .  T h i s  c o n s t a n t  o b s e r v a t i o n  was n o t  
p r e s e n t  as t h e  doves i n  t h e  experiment made t h e  roughly  500 km 

over land  f l i g h t .  For soxe b i r d s ,  i n t e r r u p t i o n  of t h e  f l i g h t ,  
and food and water i n t a k e  were conceded. However, t n i s  cannot  
b e  r u l e d  out  f o r  a l l  t h e  b i r d s  ana lyzed .  The v e l o c i t y  ove r  t h e  
ground ( v  ) was deduced from t h e  time between d e p a r t u r e  and 
a r r i v e 1  and t h e  d i s t a n c e  between start  and d e s t i n a t i o n .  No 
in fo rma t ion  on wind c o n d i t i o n s  was provided f o r  the many hours  
o f  f l i g h t .  I t  i s  no t  a t  a l l  d i f f i c u l t  t o  a c q u i r e  a much h ighe r  
energy consumption ra te  ( r e l a t i v e  t o  pure f l i g h t  time) by 
assuming j u s t  a moderate head wind and a l lowing  t h e  b i r d s  

pauses on t h e  ground f o r  roughly 1 hour .  The c o n j e c t u r e  t h a t  
undetec ted  i n f l u e n c e s  a f f e c t e d  t h e  exper imenta l  an imals  i s  
s t r eng thened  by some of t h e  data r e p o r t e d :  when two b i r d s  

f l y  a t  almost  t h e  same "speed" b u t  t h e  s p e c i f i c  energy 
consumption r a t e  o f  one is  about  1 . 8  t imes  as  great as tha t  
of t h e  o t h e r ,  o r  when t h e  s p e c i f i c  energy consumption r a t e s  o f  

some correspondences under t h e  assumption t h a t  Rauf - - A,,. For  

> flab. 

- 

g 
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two b i r d s  are the  same, bu t  the  "speeds" d i f f e r  by a f a c t o r  
of 1.7, t h i s  can hardly be exp la ined  as random f l u c t u a t i o n .  
For these r easons ,  Le febvre ' s  r e s u l t s  are no t  cons ide red  
ev idence  a g a i n s t  t h e  computing method employed. T h i s  view can  
be  suppor ted  by o t h e r  f i n d i n g s .  Tucker (1968a, b ;  19691, i n  
s t u d i e s  on parakeets (Melops i t t acus  u n d u l a t u s )  and g u l l s  
(Larus  a t r i c i l l a )  f l y i n g  i n  a wind t u n n e l ,  determined energy 
consumption rates which make t h e  magnitudes o f  o u r  c a l c u l a t e d  
r e s u l t s  q u i t e  b e l i e v a b l e  (see Tab le  6 ) .  I n  c a l c u l a t i n g  
(Pab  t a b / t g e s ) / G ,  on ly  three times t h e  r e s t i n g  metabol ic  r a t e  
was s u b t r a c t e d  from t h e  t o t a l  consumption, because t h e  
sup raco raco ideus  weighed only  1/10-1/12 as much as t h e  p e c t o r a l .  
The v a l u e s  a t  comparable speeds were d i s t i n c t l y  h ighe r  for 
t h e  pa rakee t  t han  f o r  t h e  pigeon.  Probably i t  g e n e r a t e s  less / 4 5 4  
l i f t  i n  t h e  ups t roke  ( A a u f  < 0.5Rab). 
f l i g h t  motion i s  a v a i l a b l e ,  we cannot  make even a n  estimate. 
However, t h e  s i z e  of  t h e  c o n v e r t e d r e l a t i v e  downstroke power 
speaks  f o r  i t se l f  and even s u g g e s t s  t h a t  t h e  t o t a l  ra te  of 
1 1 2  kcal/kg/h,  which Pearson cons ide red  an upper bound f o r  
t h e  pigeon,  may be normal a t  t h a t  speed. The c a l c u l a t e d  

- 

S i n c e  no da ta  on t h e  

- 
v a l u e s  would b e  c l e a r l y  t o o  small, u n l e s s  gauf 0.5Hab. For 
t h e  g u l l ,  t h e  v a l u e s  a r e  low as compared w i t h  t h o s e  f o r  t h e  

comparable-s ized lake g u l l  (Larus  r i d i b u n d u s )  leads t o  good 
agreement.  F o r  two f l i g h t s ,  w i t h  

pigeon.  An estimate w i t h  very approximate parameters  f o r  t h e  

€3 = 0 .46  m and G = 0 . 3  kg, t h e  r e s u l t s w e r e  (Fab  t a b / t g e s ) / G  = 
0 .013  HP/kg ( 0 . 0 1 8  HP/kl;)  f o r  Eauf  = 0.5ga, and 0 .009  liP/kg 

( 0 . 0 1 2  HP/L&) f o r  Rauf  = Fab. 
can  b e  e n t i r e l y  e l i m i n a t e d .  It can t h e r e f o r e  b e  concluded t h a t  
t h e  assumption R 

- 
The p o s s i b i l i t y  R a u f  > 0.5Hab 

= 0.52ab i s  c o n s i s t a n t  w i t h  a c t u a l  c o n d i t i o n s  a u f  
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f o r  t h e  medium-sized b i r d s  dealt w i t h  here, and tha t  t h e  
assumption made i n  d e r i v i n q  the  procedure t ha t  t he  c o e f f i c i e n t s  
remain cona tan t  is n e a r l y  c o r r e c t .  

TABLE V I .  POWER CONSUMPTION AND AVERAGE RELATIVE PECTORAL 
POWER (acco rd ing  t o  Tucker 1968a, b; 1969)  

Return ing  t o  t h e  o r i g i n a l  s u b j e c t  o f  t h e  i n v e s t i g a t i o n ,  
it can now b e  cons idered  c e r t a i n  tha t  t h e  s p e c i f i c  power o u t p u t  
of  t h e  p e c t o r a l  muscles o f  t h e  two s p e c i e s  o f  dove under 
cont inuous rhythmic l o a d  i s  1 0  t o  20 times t h e  s p e c i f i c  ou tpu t  
of mammalian muscles. T h i s  does  not  i n c l u d e  t h e  c h i r o p t e r a ,  
because aerodynamic f e a t u r e s  similar t o  t h o s e  of powered 
a v i a n  f l i g h t  sugges t  t h a t  t h e  output  of  t h e  musculature  i s  
cor respondingly  high.  S p e c i f i c  muscular ou tpu t  between 0.26 
and 0.60 HP/kg -- t h a t  i s  190 W/kg t o  440 W/kg, which a f te r  a 
convers ion  w i t h  n = 0.25, about  660 kcal/kg/h t o  1500 kcal /kg/h -- 
must be r e f l e c t e d  i n  p h y s i o l o g i c a l  and morphological  f e a t u r e s  
o f  t h i s  high-power muscle. George and Berger (1966) e x p l a i n  
what makes t h i s  unique v e r t e b r a t e  muscle capable  of such h igh  
metabol ic  and e n e r g y - u t i l i z a t i o n  r a t e s :  a r i c h  supply o f  blood /455 
v e s s e l s ,  e x t r a o r d i n a r y  development of t h e  enzyme appar-atus 
necessary  f o r  r e s p i r a t o r y - c h a i n  phosphoryAation, and  t h e  bu rn ing  
of  f a t  as t h e  most energy-r ich  n u t r i e n t ,  a n o t h e r  f a c t o r  b e i n g  
that i n  t h e  pigeon -- and presumably f o r  t h e  T u r k i s h  dove as 
we l l  -- t h e  e n t i r e  muscle i s  n o t  i n l a c t i o n  d u r i n g  cont inuous  
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e x e r t i c n ,  bu t  on ly  t h e  red muscle f i b e r s  (which are ,  more 
numerous), w h i l e  t he  less numerous whi te  f tbers  can  supply 
t r a n s i e n t  power peaks.  L a t e l y ,  doubts  have been expressed  
r e g a r d i n g  t h i s  view (Lee 19711, and it is  t h e r e f o r e  a good idea 
t o  devo te  renewed a t t e n t i o n  t o  t h e  r e l a t i o n s h i p s  between 
mechanical power and c y t o p h y s i o l o g i c a l  and cytomorphological  
features. For  one side of t h e  problem, * t h e  d e t e r m i n a t i o n  
of high power, t he  method p r e s e n t e d  here w i l l  be  q u i t e  u s e f u l  
when a p p l i e d  t o  o t h e r  s p e c i e s ,  and can  be made even more 
i n f o r m a t i v e  by r e f i n i n g  the  measuring t echn iques  o r  a l l o w i n g  f o r  
t h e  mass o f  the wing ( c a l c u l a t i n g  t h e  moment o f  i n e r t i a ) .  
Another t h i n g  which should  b e  checked is  whether a p a r t i c u l a r  
s p e c i e s  might b e  b e t t e r  r e p r e s e n t e d  i n  comprehensive series 
of measurements by a "standardized" i n d i v i d u a l  w i t h  t he  parameters  
o f  t h e  averages  and t h e i r  average e r r o r s .  Also worth 
i n v e s t i g a t i n g  i s  t h e  r e l a t i o n s h i p  between energy u t i l i z a t i o n  
ra te  and f l i g h t  speed found by Tucker (1968a, b) f o r  t h e  
pa rakee t .  T h i s  cannot  y e t  b e  done w i t h  t h e  r e s u l t s  p re sen ted  
here, because v e l o c i t y  was n o t  determined a c c u r a t e l y  enough, 
a l though  a higher  speed = h i g h e r  power t r e n d  can be recognized .  
However, the  material i s  n o t  adequate  t o  f i x  a n  upper  l i m i t  
on power and t o  establish a v e l o c i t y  range  f o r  most e f f i c i e n t  
f l y i n g .  I t  would n o t  be p o s s i b l e  t o  o b t a i n  Tucker ' s  typicab: 
IT-shaped curve  fo r  energy u t i l i z a t i o n  ra te  vs .  speed ove r  t h e  
whole r ange ,  because low speeds  g i v e  r i s e  t o  d i f f e r e n t  
aemdynamic c o n d i t i o n s  (b raked  f l i g h t ,  hove r ing ) ,  f o r  which t h e  
numerical  method employed here cannot b e  used. 

L a s t l y ,  w e  should a l so  mention some o t h e r  attempts a t  
s o l v i n g  t h e  problem of  t h e  f l i g h t  power of b i r d s  frorri t h e  
physical-aerodynamic ang le .  Although ea r l i e r  works (Gehme 1963,  
1965, 1968a) d i d  s ta r t  w i t h  t h e  b a s i c  concept o f  t h e  p r o p e l l e r  
model, t hey  then  a t tempted  a h igh ly  d e t a i l e d  execu t ion  w i t h  t h e  
r e q u i r e d  pc.ramPeers, which could only b e  assumed throughout .  



Moreover, a c a l c u l a t i n g  method from p r o p e l l e r  e n g i n e e r i n g  was 
used t o  o b t a i n  an e f f e c t i v e  r a d i u s  o f  0.7 R, wi thout  making 
adequate  a l lowance f o r  the wing geometry o f  b i r d s .  Consequent ly ,  
t he  powers ob ta ined  a t  that  t i m e  were t o o  l a r g e  and were r e v i s e d  
i n  con junc t ion  w i t h  t h e  a p p l i c a t i o n  of t h e  new methods. 
(1968b) ,  i n  h i s  s t u d i e s  on energy expend i tu re  by P i g e m s  i n  
h o r i z o r t a l  f l i g h t ,  tiook a somewhat d i f f e r e n t  t h e o r e t i c a l  
approach. S ince  h i s  f i n d i n g s  led him t o  more g e n e r a l  conc lus ions  
on f l i g h t  power (Pennycuick 19691, t h i s  work must be  d i s c u s s e d  
i n  somewhat more de ta i l .  He d e r i v e d  t o t a l  f l i g h t  power from 
three components: t h e  weight c f  t h e  b i r d ,  the  p r o f i l e  drag o f  
t h e  wing, and t h e  body drag. Doubts can  be l e g i t i m a t e l y  b e  

raised r e g a r d i n g  t h e  usability o f  t h e  c o e f f i c i e n t s  employed 
f o r  t he  aerodynamic f o r c e s .  These c o e f f i c i e n t s  were ob ta ined  /456 
from wind-tunnel s t u d i e s  (Pennycuick 1968a) ,  which i n  no way 
reproduced normal g l i d i n g  f l i g h t ,  but  i n s t e a d  corresponded 
more o r  less  c l o s e l y t o  a l a n d i n g  approach w i t h  s t r a n g  d e c e l e r a t i o n  
(see a l s o  Oehme 1970a) .  Also, t h e  doves used i n  t h e  f l i g h t  

s t u d i e s  obvious ly  could  n o t  b e  made t o  f l y  normally,  as 
can  be  seen  from t h e  p i c t u r e s  and d e s c r i p t i o n s ,  bu t  i n s t e a d  
flew more o r  less  i n  a "braking  a t t i t u d e "  (see Brown 19118; 
Oehme 1968b).  
v e l o c i t y  o f  16 m/sec i n  t h i s  arrangement i s  e v i d e n t ,  bu t  t o  
conclude t h a t  " the  pigeon" i s  incapab le  o f  f l y i n g  fas te r  over  
a long  pe r iod  of  time i s  c e r t a i n l y  i n c o r r e c t .  If t h e  d r a g  
c o e f f i c i e n t s  employed, and t h e  power components c a l c u l a t e d  
from them, were t o o  h i g h ,  t h e  weight-compensating ' 'induced 
power" i s  t o o  small, because t h e  c a l c u l a t i o n s w e r e  c a r r i e d  ou t  
s imply With t h e  induced v e r t i c a l  v e l o c i t y ,  i g n o r i n g  t h e  f a c t  
t h a t  t h e  wings are making a r o t a r y  movement. Moreover, t h e  
time cour se  o f  t h e  wing s t r c k e  was r a t h e r  b z - u t a l l y  s i m p l i f i e d .  
S ince  t h e  e r r o r s  l a r g e l y  cance l  o u t ,  t h e  r e s u l t i n g  v a l u e s  f i t  
i n t o  t h e  spectrum p resen ted  here. The long-term power of  t h e  
0 .4  kg dove i s  s t a t e d  t o  b e  8 . 7  W a t  v = 8 m/sec and l i i . 5  Is' z t  

Pennycuick 

That t h e y  were a t  t h e i r  power l i m i t s  a t  a 
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16 m/sec. Th i s  cor responds  t o  an  average  r e l a t i v e  power 
)/G of  0.030 HP/kg - 0.036 HP/kg. (Fab tab/ tges  

i d e a  of  handl ing  d e s i g n  q u e s t i o n s  o f  f l y i n g  an imals  (aerodynamic 
q u a l i t y ,  speed range, optimum t r a v e l i n g  speed ,  range  i n  prolonged 
f l i g h t ;  t h e i r  i n t e r r e l a t i o n s h i p s  and r e l a t i o n  t o  s i z e  of  animal ,  
e t c . )  i s  completely c o r r e c t .  However, a s u f f i c i e n t  amount o f  
meaningful data would have a s s i e t e d  t he  g e n e r a l i z a t i o n .  The 
method d e s c r i b e d  here w i l l  c o n t r i b u t e  t o  supp ly ing  t h i s  d a t a .  

Pennycuick 's  

I n  o r d e r  t o  de te rmine  t h e  power o f  a b i r d ' s  p e c t o r a l  
muscles i n  free l e v e l  f l i g h t ,  a procedure was develaped on t h e  
basis of an  a i r s c r e w  c a l c u l a t i o n .  The procedure avo ids  t h e  
use  o f  aerodynamic f o r c e  c o e f f i c i e n t s ,  whicn cannot be  measured 
i n  the  f l y i n g  b i r d .  

Together  w i t h  a n g u l a r  v e l o c i t y ,  t h E  t a n g e n t i a l  f o r c e  
necessary  t o  g e n e r a t e  t h e  r e q u i r e d  l i f t  i n  t h e  downstroke and 
the d i s t a n c e  a long  t h e  wing from t h e  shou lde r  j o i n t  t o  t h e  

p o i n t  o f  a p p l i c a t i o n  of  t h e  t a n g e n t i a l  f o r c e  y i e l d  t h e  dowi,stroke 
power. 

Required morphological  data are t h e  t o t a l  weight ,  t h e  
weight of  t h e  two p e c t o r a l  muscles,  t h e  i e n g t h  of t h e  wing 
extended i n  downstroke p o s i t i o n ,  from shou lde r  j o i n t  t o  wing 
t i p ,  and t h e  l o c a t i o n  of t h e  body contour  a long  t h e  wing l e n g t h .  

Kinematic d a t a  a re  ob ta ined  from t i r e - l e n s  f i l m s .  These 
data are:  t h e  d u r a t i o n  of t h e  downstroke, t h e  d u r a t i o n  o f  
a c c e l e r a t e d  r o t a t i o n  a t  t h e  beginning  of  t h e  downstroke, and t h e  
d u r a t i o n  of  t h e  e n t i r e  s t r o k e  c y c l e ,  t h e  f l i g h t  speed ,  t h e  

s t r o k e  a n g l e s ,  and t h e  p o s i t i o n s  of; t h e i r  a n g l e  b i s e c t o r s  
r e l a t i v e  t o  t h e  h o r i z o n t a l .  

47 



Nine pigeon f l i g h t s  and seven  Turk i sh  dove f l i g h t s  are 
ana lyzed  w i t h  t h e  method o f  c a l c u l a t i o n .  Comparisons w i t h  

me tabo l i c -phys io log ica l  s t u d i e s  conf i rm t h e  u s a b i l i t y  o f  t h i s .  

method and a l s o  suppor t  t h e  t h e o r e t i c a l  assumptions.  

The s p e c i f i c  power c a p a c i t y  of t h e  p e c t o r a l  muscles i n  
b o t h  species (0.26-0.60 HP/kg) under prolonged load  i s  1 0  t o  
20 times t h a t  of mammal muscles ,  e x c e p t ,  p robably ,  f o r  t h e  
f l i g h t  muscles o f  bats. 
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